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PREFACE 

As a common medical condition that produces excessive thirst, 
continuous urination and severe weight loss, Diabetes has interested medical 
researchers for over three millennia. Unfortunately it wasn't until the early 20th 
century that the prognosis for this condition became any better than it was 3000 
years ago. 

The term Diabetes was first used by Apollonius of Mephis around 230 
BC, which in Greek means "To pass through" (Dia - through, betes - to go). 
Apollonius and his colleagues considered Diabetes as a disease of the Kidneys 
and subsequently recommended completely ineffective treatments, such as 
bloodletting or dehydration. 

While the Ebers Papyrus, which was written around 1500 BC, 
excavated in 1862 AD from an ancient grave in Thebes, Egypt, described the 
first reference to what we now consider to be Diabetes Mellitus, it was 
physicians in India at around the same time that developed the first crude test 
for diabetes. They observed that the urine from people with diabetes attracted 
ants and flies. They subsequently named the condition "madhumeha" or "honey 
urine". 

Our understanding, diet and our ability to monitor sugar levels for the 
management of diabetes has changed somewhat in the last couple of hundred 
years. Today a variety of sensing strategies exist, each with their own respective 
merits and many at different stages of commercialization. In this book, Volume 
11 of the popular series "Topics in Fluorescence Spectroscopy", we have 
invited articles from leading authors in this important clinical sensing area, to 
provide a current opinion of glucose sensing and fluorescence-based monitoring 
technologies. The organization of the articles will hopefully also give readers a 
chance to visualize the extent of work currently being undertaken in this 
important area. 

In closing, I would like to thank the authors for their excellent 
invaluable and timely contributions, which serve very well to demonstrate the 
applicability of fluorescence to this sensing area. In addition, many thanks to Dr 
Kadir Asian for help in typesetting the volume. 

Professor Chris D. Geddes 
Baltimore, MD, USA 

July 25th 2005 
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A -̂PHENYLBORONIC ACID DERIVATIVES OF 
ARENECARBOXIMDES AS SACCHARIDE 

PROBES WITH VIRTUAL SPACER DESIGN 

Michael D. Heagy* 

1.1. INTRODUCTION 

Because of their multiple stereocenters and ability to form either fiiranose 
or pyranose ring sizes, carbohydrates continue to present a challenge in both 
molecular recognition studies and chemosensory detection.^'^ The importance of 
even simple monosaccharides in both biomedical and clinical research has 
promoted the development of improved detection methods. In addition to 
industrial applications such as monitoring sugar concentrations in beverages, 
quantitative analysis of saccharides is critically linked to certain disease 
therapies. For example, monitoring of glucose remains a key concern of 
diabetes management.'* Currently, biosensors such as glucose oxidase have been 
applied in saccharide detection and offer a reliable method to detect glucose. 
However, some disadvantages such as the poor stability of the enzyme and 
consumption of substrate during the detection process represent some 
limitations to biosensing applications.^ Although less selective than protein 
based biosensors, synthetic chemosensors offer advantages such as greater 
stability and reliability in a variety of conditions. 

Phenylboronic acid has been widely utilized for the design of fluorescent 
chemosensors in the detection of saccharides over the past decade.̂ "^ ̂  Its use in 
the chromatographic separation of sugars dates back even further.̂ -̂̂ ^ The 
covalent interactions between phenylboronic acid and the hydroxyl groups of 
saccharides (1,2- or 1,3-diols) form a five- or six-membered ring.̂ "̂  Compared 
to other functional groups, this binding property allows boronic acid to be a 
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competitive chelator for saccharides in water. For most saccharide probe 
designs, the receptor component is composed of a monoboronic acid or 
appropriately spaced bisboronic acid moiety. Numerous reports^^"^^ have shown 
that bisboronic acid sensors can be configured to display higher selectivity for 
glucose over fructose with Kp values from 10"̂  to 10" M, whereas monoboronic 
acid probes usually display weaker binding with KD values from 10'̂  to 10"̂  M 
and an affinity for fructose that is approximately 100 times greater.̂ ^"^^ 
Although monoboronic acid sensors tend to be overlooked because of limited 
design geometries, recent reports have indicated that fluorophores may also 
have a role in determining saccharide selectivity.^^ 

The typical fluorescent sensor design can be divided into three important 
parts. The first is the chelator group for the recognition step; the second is the 
fluorophore which gives the spectroscopic characteristics and the third; the 
mechanism producing the perturbation of the fluorophore upon chelation of the 
analyte.̂ "^ Early designs for saccharide-sensors involved a common anthracene 
or similar stilbene-based fluorophore as the reporting unit with synthetic 
modification of the phenylboronic acid or methylene spacer that binds these two 
groups together. However, the use of such fluorophores frequently results in 
hydrophobic probes that necessitate the addition of organic cosolvents to 
increase their solubility in aqueous media.^^ To overcome this limitation, we 
have been developing monoboronic acid saccharide sensors which utilize more 
polar reporting groups based upon the naphthalic anhydride chromophore.^^ As 
a highly fluorescent and photostable molecule, 1,8-naphthalimide has attracted 
a number of investigations in recent years.̂ "̂̂ ^ Derivatives of naphthalimide 
display useful photochemical properties and have been utilized as 
photoactivatable DNA-cleaving agents, fluorescent tags, and receptor 
antagonists.̂ "^"^^ Recently, A^-phenylnaphthalimides have been found to exhibit 
dual fluorescence when appropriately substituted at both the N-phenyl ring and 
naphthalene 7t-system. These compounds display two clearly resolved emission 
bands in the visible region from the locally excited state and a strongly red-
shifted band emitted by the internal charge transfer state.^^ These unique optical 
properties prompted us to explore N- phenyl derivatives of naphthalimide as 
fluorescent components for saccharide sensors. 

1.2. A^-PHENYLBORONIC ACID ARENECARBOXIMIDES AS 
SACCHARIDE PROBES WITH VIRTUAL OR CO SPACER 
DESIGN 

We center this review on a series of substituted 1,8-naphthalene 
dicarboximides as these systems represent a highly versatile set of monoboronic 
acid saccharide sensors. Their ease of synthesis and unusual photophysical 
properties make them interesting candidates as fluorescent molecular probes. 
The relatively understudied virtual spacer or Co design in these systems has 
been found to impart a significant quenching response in the presence of 
saccharides. Moreover, they operate in aqueous conditions at neutral pH; a 
prerequisite for most biological investigations. In the first section, we present 
the synthesis and optical features of several monoboronic acid probes and the 
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effects that substituents located on the naphthalic ring have on their solubility, 
selectivity and fluorescent properties. In particular, we probe their fluorescence 
features through a number of substituted versions at either the 3 or 4- position 
of the naphthalene ring. Next, we investigate the interannular differences 
between the A -̂aryl component and the imide platform from the probable sugar 
binding paradigms. Finally, we examine the time-dependent fluorescence 
properties of the 2-and 3-phenylboronic group. These measurements provide a 
unique insight into the effects of positional isomers of the boronic acid. 

1.3. SUBSTITUENT EFFECTS ON MONOBORONIC ACID 
DERIVATIVES OF A^-PHENYLl, 
8-NAPHTHALENEDICARBOXIMIDES 

A striking feature of the A^-phenylnaphthalimides (compared to N-alkyl 
derivatives) is the presence of two emitting states, capable of yielding both short 
wavelength (SW) and long wavelength (LW) fluorescence.^^ Recent studies 
indicate that the geometry of the SW state is similar to that of the ground state 
whereas twisting of the phenyl group toward a coplanar conformation is thought 
to form the LW state.^^ The identification of the first and second excited singlet 
states is supported by Huckel MO calculations adapted from Berces et. al and 
carried out for the parent A^-phenylnaphthalimide.^^ The calculated electron 
distributions for the relevant molecular orbitals are shown in Figure 1.1. 

Molecular Orbitals Energy (eV) 

-6.41 

-11.74 

-11.40 

Figure 1.1. Relevant molecular orbitals of A -̂phenyl naphthalimide scaffold (adapted from 
reference 38). 
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Electron transfer from the HOMO to the LUMO occurs from the naphthalene 
moiety to the n orbitals of the carbonyl groups, in which the electrons of the 
aniline group do not participate. This excited state transition is expected to relax 
via radiative decay as SW emission. A comparison between the electron 
distributions in HOMO-1 and LUMO orbitals, however indicates that electron 
density shifts from the aniline moiety to the n orbitals of the carbonyl group. 
This S2 state reverses the direction of the dipole moment in relation to the 
ground state thus giving rise to charge-transfer character (ICT) states 
responsible for LW fluorescence. In addition, substituent groups with electron 
releasing and electron withdrawing properties on the naphthalene moiety have 
been shown to significantly affect the photophysical behavior of these 
fluorophores. 

1.3.1. Synthesis 

To explore these effects, we synthesized a series of sensors 1-6, using a 
variety of different fluorophores derived from 1,8-naphthalenedicarboxylic 
anhydride. Sensors 1, 2, 6 were prepared in single step reactions from 
commercially available naphthalic anhydrides. 3-aminophenylboronic acid was 
selected for the synthesis of all six sensors because of its low cost and 
commercial availability. The other sensors were obtained by reduction (2 to 3), 
acetylation (3 to 4) and introduction of methoxy substitution of A^-(4'-bromo-
r,8'-naphthaloyl)-3-aminophenyl boronic acid to give 5 (Scheme 1.1). Sulfo-
and amino derivatives of naphthalic anhydride were prepared to increase 
solubility in aqueous solvent systems. Nitro, methoxy and acetamido were 
prepared for their potential charge transfer properties. 

Scheme 1.1. 

Table 1.1. Synthesis of 3-Phenylboronic acid-l,8-naphthalenedicarboimide 
derivatives 

1,8 naphthalic anhydride yield 
lRi=H R2=H R3=H '' 50% 
2Ri=H R2=H R3=N02 67% 
3Ri=H R2=H R3=NH2 (Reduced from 2) 87% 
4 Ri=H R2= H RB^CHBCONH, (Acetylated from 3) 91 % 
5 Ri=H R2= OCH3 R3=H, 40% 
6Ri=S03KR2=NH2 R3= SO3K 91% 

B(0H)2 Zn(OAc)2 

HaN' -VJ 
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Table 1.2 summarizes the photophysical properties of the six compounds 
synthesized for this study. Sensors 2 and 3 display significant Stokes shifts and 
sensors 5 and 6 show relatively high quantum yields. In an effort to explain 
their optical features, we approximated the energy gap between HOMO to 
LUMO and HOMO-1 to LUMO for all six of the compounds synthesized in this 
study using the extended Hiickel software from Chem 3D version 5.0. 

Table 1.2. Photophysical properties of 3-Phenylboronic acid-l,8-naphthalimide 
and derivatives. 
Entry Sensor K^ nm X. nm <t)F AE HOMO-

LUMO (eV) 

OpN 

345 

337 

400 0.010 3.59 

430/550 0.006 3.68 

347 581 0.017 3.57 

AcHN 

349 407 0.014 3.55 

MeO- ^ // 

B(0H)2 

-̂̂ v̂  363 440 0.407 3.42 

HO3S 
B(0H)2 

429 534 0.165 2.89 

As shown in Table 1.2, probes 2 and 3 display significant Stokes shifts and 
sensors 5 and 6 show relatively high quantum yields. Probes 2 and 5 display the 
lowest and highest quantum yield, respectively. In addition, probe 2 displays 
two emission bands which are characteristic of 5*1 and 5*2 states. With the 
exception of entry 2, the experimentally determined HOMO-LUMO energy 
gaps are in agreement with similarly substituted fluorophores."^^ 
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1.3.2. Photoelectrochemical Model 

Photoinduced electron transfer has been widely used as a tool in the design 
of fluorescent sensors for saccharides. These fluorescent sensors are based on 
the boronate ester complex between carbohydrate and boronic acid receptor and 
typically display optical signals through changes in fluorescence intensity either 
through chelation enhanced-quenching (CHEQ), or chelation-enhanced 
fluorescence (CHEF). As with fluorescent chemosensors for ion detection, 
carbohydrate sensors usually consist of three parts; fluorophore, spacer and 
receptor. Fluorescent probes without spacers are far fewer in number and have 
been classified as orthogonal systems. Current examples include twisted biaryls 
where the K molecular orbitals of the fluorophore and receptor are separated due 
to steric hindrance between their a frameworks.̂ "^ Because orthogonality of 
their molecular orbitals is concomitant with geometric orthogonality, the 
signaling behavior of these systems has been interpreted as a PET process in a 
"fluor-spacer-receptor" assembly with a virtual Co spacer. 

Here, our model deviates from the photophysical model to allow for 
conformational changes associated with sugar binding and treats the 
phenylboronic acid MO as a separate n system from the naphthalene MO."*̂  X-
ray crystal studies find that the plane of the A -̂phenyl group makes a dihedral 
angel of 69.4° with the plane of the naphthalimide."^^ From this description, we 
have a Co spacer design that places the naphthalimide group as fluorophore and 
phenylboronic acid moiety (receptor) in a non-planar arrangement. Because 
saccharide complexation alters the oxidation state of phenylboronic acid, our 
model proposes a photoelectrochemical mechanism similar to one generally 
accepted for ion-responsive probes. In this case, the boronic acid receptor has 
an 5 /̂7 -̂hybridized boron atom with a trigonal planar geometry in the unbound 
form. Upon complexation with saccharides, a boronate anion forms 
which possesses an 5/7^-hybridized boron with tetrahedral geometry. This 
saccharide complex alters the orbital energy of the HOMO for the phenyl 
boronic 7i-system via occupation of the next highest molecular orbital as shown 
in Figure 1.2. Fluorescence quenching upon saccharide binding occurs since the 
electron transfer process (PET) from phenyl group to naphthalic imide becomes 
energetically favorable. This photoelectrochemical model is expected to agree 
with factors set forth in the Weller equation, where the free energy of electron 
transfer is given by AGET= -̂ ŝ.fluor- r̂ed.fiuor + £̂ ox.receptor - îonpair."̂  '̂ "̂  Thus any 
decrease in the singlet energy component (£"5 fiuor) is expected to display a 
reduced PET quenching response. 

1.3.3. Saccharide Complexation Results 

From the model described above, we predict chelation enhanced quenching 
(CHEQ) to be the predominant signaling pathway. For chemosensors 1 and 2 
this fluorescence quenching mechanism is supported by a pH dependent change 
in /max and a significant shift of the pH- profile to lower pH- /max region in the 
presence of saccharides. The pH-fluorescence profiles of 1 and 2 obtained from 
buffered solution are shown in Figures 1.3a and 1.4a, respectively. 
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Figure 1.2. Photochemical model used in describing PET fluorescence quenching and interaction 
between saccharide complexation. 

From figure 1.3a, probe 1 displays one emission band at 400 nm and a pK 
value calculated to be 7.7. In the presence of fructose, ester formation between 
probe 1 and fructose was observed as a function of pH to obtain a pK^ of 
hydroxyboronate nearly 2 pK^ units lower than unbound sensor. As shown in 
figure 1.4a, the higher degree of quenching in probe 2 compared to 1 is 
attributed to the greater Ered values which are characteristic of nitroaromatic 
compounds. The observed effect from this substituent leads to enhanced PET 
quenching relative to the parent probe 1. Similar to probe 1, the intensity 
changes recorded at 430 nm for 2 correlate with a mono-acid titration curve and 
p^a of 8.0. The acidity of the boronic acid group increases in the presence of 
glucose, giving a pK^, value of 6.6 
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Figure 13. a) Fluorescence intensity versus pH profile for sensor 1 (3.0x1 O^M) measured in 1% 
DMSO (v/v) buffer solution, saccharides (0.05M) at 25°C. (b) Relative fluorescence as a function of 
saccharide concentration for sensor 1 measured in 1% DMSO (v/v) phosphate buffer (lOOmM), pH 
7.4 at 25°C (A,ex = 345nm, A,em = 400nm) 
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Figure 1.4. (a) Fluorescence intensity versus pH profile for sensor 2 (3.0xlO'^M) measured in 1% 
DMSO (v/v) buffer solution, saccharides (0.05M) at 25°C. (b) Relative fluorescence as a function of 
saccharide concentration for sensor 2 (3.0x1 O^M) measured in 1% DMSO (v/v) phosphate buffer 
(lOOmM), pH7.4 8.0 at 25°C. (?iex = 337nm, ĉin = 430nm andSSOnm) 

Two unique features appear in both saccharide sensing systems relative to 
several other early saccharide probes at this time. Specifically, a minimum 
amount of organic cosolvent is required for these probes and secondly, both 
operate at relatively neutral pH. Such properties are attributed to the polarity of 
the naphthalimide platform as well as to the electron withdrawing nature of the 
imide functionality. In addition, probe 2 shows two emission bands (430/550 
nm) found in figure 1.5 from a single excitation wavelength (337 nm). While 
this probe has a significantly lower quantum yield, the two well resolved bands 
indicate that the dual fluorescence signal is readily detected and may find use in 
practical applications such as ratiometric detection. 

Next, we examined the selectivity of these sensors to common 
monosaccharides at neutral pH conditions. Figure 1.3b shows the relative 
fluorescence of 1 at 400 nm as a function of carbohydrate concentration. The 
decrease in fluorescence intensity (I in the presence of saccharide/ lo in the 
absence of saccharide) for this series is about 0.25. The selectivity of sensor 1 

3 # | 
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Figure 1.5. Fluorescence response for 2 (3.0xlO"^M) with glucose (0.05 M) measured in 1% 
DMSO (v/v) phosphate buffer (lOOmM), pH 8.0 at 25°C (X-ex = 337nm). 
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Figure 1.6: (a) Fluorescence intensity versus pH profile for 3 (3.0x1 O^M) measured in 1% DMSO 
(v/v) buffer solution, saccharides (0.05M) at 25°C. (b) Relative fluorescence as a function of 
saccharide concentration for sensor 3 (3.0x1 O^M) measured in 1% DMSO (v/v) phosphate buffer 
(lOOmM), pH 4.0 at 25°C. (X,^ = 347nm, X^ = 581nm) 

compares with other monoboronic acid probes and shows the greatest 
association constant with D-fructose. On the basis of a 1:1 complex (obtained 
from Job's plot), the dissociation constant was found to be 1 mM for fructose 
while a higher K^ of 250 mM was calculated for glucose. 

Despite a low quantum yield, sensor 2 shows two emission bands (430/550 
nm) from a single excitation wavelength (337 nm). Figure 1.4b shows the 
fluorescence ratio (430/550 nm) as a function of carbohydrate concentration. 
Unexpectedly, sensor 2 displays the largest fluorescence decrease for glucose. 
In the presence of sugar, the fluorescence spectrum of 2 (Figure 1.5) shows 
a decrease in emission intensity occurs at 550 nm. Despite this unusual 
fluorescence response to glucose, the dissociation constants reflect the expected 
trend for boronic acid:saccharide complexes. For the conditional dissociation 
constant of 2 with glucose, Kd = 26 mM was measured at pH 8.0. A lower 
dissociation value for fructose was obtained at Kd = 2.1 mM. This higher pH 
was selected because it provided the maximum difference in chelation-
enhanced quenching. 

As the graph demonstrates in figure 1.6, sensor 3 displays marked 
fluorescence quenching response in the lower pH region between pH 3 to 5. 
Given this probe's dynamic response to galactose at low pH we titrated 3 with 
monosaccharides at pH 4. Here, the pH modulation of 3's ammonium group to 
amino is expected to alter its Ered values. Between pH of 3-5, the ammonium ion 
predominates in aqueous solution but as the ammonium group is converted to 
the free amine, less effective PET quenching occurs. 

Probe 6 shows the least effective PET quenching of the four probes shown 
(figure 1.7). As evidenced from the HOMO-LUMO energy gaps in table 1.1, 
the 4-amino-3,6 -disulfo substituents raise the HOMO of the fluorophore which 
is expected to reduce PET from hydroxyboronate anion. A molecular modeling 
analysis which appears in the next section provides a possible rationale for the 
dynamic response to galactose relative to fructose and glucose. 
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Figure 1.7: (a) Fluorescence intensity versus pH profile for 6 (S.OxlO'^M) measured in 1% DMSO 
(v/v) buffer solution, saccharides (0.05M) at 25°C. (b) Relative fluorescence as a function of 
saccharide concentration for sensor 6 (3.0xlO'^M) measured in 1% DMSO (v/v) phosphate buffer 
(lOOmM), pH 8.0 at 25°C. (A,ex = 349nm, X^ = 407nm) 

Although probes 4-6 displayed unique optical properties such as 5 with 
good quantum yield ((()F= 0.407), 6 with moderate quantum yield ((t)F= 0.165) 
and enhanced solubility in water, none of these sensors reported significant 
optical changes in the presence of saccharides. Results similar to those of 6 
were also observed for sensors 4 and 5. These results are consistent with a less 
negative AGET term from the Weller equation as electron donating substituent 
groups located on the naphthalene ring are expected to decrease the energy gap 
(AGs.fiuor) between HOMO and LUMO. For the saccharide titrations with 3, a 
fluorescence increase was observed only at high concentrations of sugar. While 
such low binding reflects the reduced affinity of trigonal boronic acid for sugars, 
a significantly enhanced fluorescence response for 3 with galactose is observed 
in the titration curve. To explain this unusual response, we compared MMX 
minimized geometries of these complexes using both tetrahedral and trigonal 
versions of boron (figure l.S)."̂ ^ Using the predominant form of boron 
(tetrahedral) and free amino substituent in basic solution. Table 1.3 shows the 
calculated torsional angles along the biaryl bond for the known ester bonds of 
furanoid and pyranoid geometries."^ '̂̂ ^ 

As indicated in the second to last column for complexes of tetrahedral 
boron, minimized geometries display little variance ( ±2°) in interannular angle 
for all possible boronate esters of 3 (figure 1.8). Under acidic conditions where 
PET fi-om a protonated amino substituent to the fluorophore is expected to 
suppressed, the geometries were minimized with trigonal boron as the 
organizational node (last column). A comparison between dihedral angles for 
these complexes reveals a reduced torsional angle for all complexes with both 
possible galactose complexes giving the closest interannular angle at 55°. 
Although this 5-6° angular difference between biaryl systems appears small, the 
fluorescence intensity of Af-aryl carboximides has been shown to be particularly 
sensitive to dihedral angle. Because the probe 3:galactose complex shows the 
largest fluorescence enhancement followed by glucose and fructose, these 
differences in torsional angles may account for the fluorescence titration data 
trends observed in Figure 1.7. 
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Table 1.3: MMX minimized N-imide/C-phenyl dihedral angles of 2 and 3: 
saccharide esters 

Saccharide Probable di- or triols Dihedral angle (± 0.5°) Dihedral angle (± 0.5°) 
Complex in ester bonds 2(-N02) 2(-N02) 3(-NH2) 3(-NH3'') 

tetrahedral trigonal tetrahedral trigonal 
boron boron boron boron 

D-Fructose 

D-Glucose 

D-Galactose 

P-2,3,6-furanoid 
p-2,3-furanoid 
p-3,6-fliranoid 
1,2-furanoid 
1,2-pyranoid 
3,4-furanoid 
4,6-pyranoid 

61° 
58° 
57° 
58° 
57° 
59° 
56° 

-
59° 
61° 
59° 
61° 
62° 
59° 

60° 
58° 
60° 
59° 
60° 
61° 
60° 

-
57° 
57° 
57° 
56° 
55° 
55° 

This fluorescence intensity dependence on torsional angle agrees with 
findings for all six probes (data not shown) where smaller dihedral angles were 
calculated for trigonal boron-containing probes relative to their tetrahedral 
boronate analogs. Finally, it should be mentioned that galactose did not give 
the smallest torsional angle when this conformational analysis was carried out 
with the other five probes. 

An extension of this conformational analysis may account for the unusually 
large fluorescence change observed with probe 2 and glucose. Table 1.3 
provides a comparative modeling study between nitro derivatives of 2 in the 
trigonal and tetrahedral state of phenylboronic acid. Although these interannular 
differences are less pronounced than those found in the case of sensor 3, 
glucose shows a 4° increase in dihedral angle in its conversion from trigonal to 
tetrahedral boron. Thus, the increase in dihedral angle upon saccharide binding 
is expected to affect the fluorescence intensity. Again, the sensitivity of Â -
arylnaphthalimides to twist angle may be responsible for the dynamic response 
observed for glucose in pH 8. 

1.3.4. Conclusion 

In conclusion, a series of monoboronic acid fluorescent probes were 
synthesized based on the N-phenyl naphthalimide fluorophore, in most cases 
with one step. These carbohydrate molecular probes exhibit interesting 
photochemical and photophysical properties which provided useful insights into 
the relatively limited area of Co design chemosensor. While many saccharide 
probes include a spacer group, such as Wulff s use of a benzylic amine spacer 
to detect in neutral conditions, sensor 1 gives a large fluorescence response at 
pH 7.4 with no spacer."̂ ^ To the best of our knowledge, sensor 1 displays the 
largest CHEQ response for a monotopic receptor in aqueous solution. The large 
fluorescence response lies within detection requirements for fructose but 
remains less sensitive to physiological level of glucose. Whereas several 
bisboronic acid sensors have been developed to provide a greater fluorescence 
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Figure 1.8. 1:1 Binding Motifs for Probable Boronate Ester Diol/Triol Complexes 

response of glucose over fructose, sensor 2 represents the first monoboronic 
acid sensor to display higher sensitivity for glucose over fructose."̂ '̂̂ '̂̂ ^ This 
anomalous chelation-enhanced quenching from 2 opposes the expected signal 
response involving monosaccharides. In this case, the fluorescence data show 
that the optical change which results from fructose complexation is weak 
relative to glucose. From the obtained Kd values, it appears that the binding 
affinity is not proportional to the observed optical change for this saccharide 
sensor. These findings suggest that other competing factors may be 
simultaneously operating, such as conformational dynamics between the 
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phenylhydroxyboronate: saccharide complex and its influence on the excited 
state. Such geometrical changes are also attributed to sensor 3's unusual 
response which is specific to galactose. Probes 1-6 gave poor signal response 
upon titration with monosaccharides, however their substituent effects lend 
support to the chelation enhanced quenching model proposed for these systems. 
Based on this model a reduced PET effect is expected to be more pronounced in 
sensors 4 to 6. In addition, the large Stoke shift and bright fluorescence that 
these compounds display may be useful in other applications such as saccharide 
labeling experiments. 

1.4. POSITIONAL ISOMERS OF NAPHTHALENE DICARBOXIMIDES 

1.4.1. Ortho-Substituted Monoboronic Acid Sensor 

To observe the effects of positional isomers with these monoboronic acid 
sensors, 7 was prepared from 2-aminophenylboronic acid and 1,8-naphthalic 
anhydride. Sensor 7 possesses similar photophysical properties to isomer 5 with 
regard to its excitation and emission wavelengths. Any differences in its CHEQ 
response are therefore attributed to the placement of the boronic acid group. 

Scheme 1.2. 

& . • 

(H0)2B^ Zn(0Ac)2 

V ^ C5H5N 

= \ P B(OH)2 

A pH vs fluorescence intensity profile (Figure 1.9a) demonstrated that PET 
signal transduction mechanism is operating as fluorescence intensity becomes 
suppressed upon ionization to the hydroxyboronate anion. This probe showed 
behavior similar to m^^a-phenylboronic acid based sensor giving the expected 
trend in saccharide selectivity with fructose>glucose>galactose (Figure 1.9b). 
KD values for fructose and glucose were calculated to be 1.6 and 57 
respectively.^^ A key difference between sensor 7 and 1, however, is evident in 
the degree of CHEQ that these sensors display. Orr/io-substituted probe 7 
quenches fluorescence less effectively (I/Io = 0.4) than meta-isovciQx 1 (I/Io = 
0.2). 

The energy difference of their respective HOMO-LUMO gaps is expected 
to have little to no dependence on the position of the boronic acid goup. Based 
on our photoelectrochemical model for PET fluorescence quenching, these 
findings point to a less effective conversion of sensor 7 to its hydroxyboronate 
ester relative to 1. Molecular modeling studies indicate that increased steric 
congestion is likely to be responsible for this weaker binding. These 
conclusions are further supported by time-dependent fluorescence spectroscopy 
presented in the next section. 
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Figure 1.9. (a) Titration curve vs pH for 7 (6.0 x 10^ M, X^^, = 346 nm at 25 °C) (b) Titration 

curves against monosaccharides for 7, measured in phosphate buffer (100 mM), pH 7.4 at 25 °C. 

1.4.2. pH and Sugar Effects On The Fluorescent Decays 

The pH effect on the fluorescent lifetime of 7 is shown in Figure 1.10 and 
the decay parameters are listed in Table 1.4. The fluorescent lifetime of 7 in 
aqueous solution is around 1 ns and does not show significant change with pH. 
Similar results were observed for the meta derivative (not shown). Fluorescence 
decays are multiexponential, characterized by a short component of a few 
picoseconds and a long range component of a few nanoseconds. Fluorescent 
lifetimes of both compounds are longer than the fluorescent lifetime reported 
for N-phenyl derivative of 1,8-naphthalimide.^^ The combination of a large 
decrease of the fluorescence intensity at high pH observed for both derivatives 
with the invariability of the fluorescence lifetime leads to a conclusion that a 
static quenching is at the origin of the important decrease of the fluorescence 
intensity. 
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Figure 1.10. Effect of pH on the frequency decay profile of ortho-isornQt 7 measured at room 
temperature (k ex= 310 nm) 
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Table 1.4. Fluorescence Intensity Decay Parameters for the Ortho and 
Meta Isomers 

o-isomer 

p H 4 . 0 

pH7 .5 

pH9 .0 

+ fructose* 

(50 mM) 

+ glucose* 

(200 mM) 

w- isomer 

pH4 .0 

pH7 .5 

pH9 .0 

+ fructose* 

(50 mM) 

T, (ns) 

0.72 

0.98 

0.75 

1.05 

1.18 . 

0.53 

1.25 

0.07 

1.63 

T2 (ns) 

3.70 

4.30 

4.8 

5.22 

5.92 

5.40 

6.83 

1.50 

6.58 

a i 

0.01 

0.01 

0.02 

0.021 

0.019 

0.011 

0.005 

0.148 

0.005 

a2 

0.004 

0.004 

0.003 

0.012 

0.005 

0.002 

0.007 

0.002 

0.003 

fi 

0.17 

0.14 

0.23 

0.18 

0.21 

0.09 

0.008 

0.43 

0.10 

f2 

0.26 

0.22 

0.23 

0.50 

0.28 

0.17 

0.18 

0.12 

0.21 

I F (ns) 

1.11 

1.11 

1.30 

2.83 

1.91 

0.97 

1.36 

1.31 

1.61 

' Phosphate buffer pH 7.5. 

In contrast to the effect of pH, the presence of sugar induces a significant 
increase of the fluorescence lifetime of derivative 7 (Figure 1.11). The 
fluorescence lifetime changes are characterized by a decreased contribution of 
the short component and an increased contribution of the long component. 
Fluorescence decay results on the ortho derivative 7 in the presence of sugar do 
not correlate with a static quenching as observed for the pH effect. As shown in 
Table 1.4, sugar effects on the fluorescent lifetime of the meta isomer 1 are 
small. From this result, it seems that the position of the boronic acid group on 
the A -̂phenyl ring plays a role in the sugar response, but not in the pH response. 
As mentioned in the first section of this review, these findings suggest the 
presence of steric hindrance and/or participation of a charge transfer excited 
state. Because the photophysics of the A -̂phenyl derivatives of 1,8-
naphthalimide are governed by a pseudo-Jahn-Teller effect, resulting in an 
important non-radiative internal conversion process, the presence of a sugar 
molecule bound to the boronic acid group at the ortho position is likely to lead 
to a rigidification of the molecule and thus to a decrease of the internal 
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conversion process. On the other hand, the formation of the electron donor 
anionic form of the boronic acid group in the ortho position could lead also lead 
to a longer fluorescence lifetime,̂ '̂̂ ^ but in this case a similar effect with pH is 
expected. In all cases, an increase of the fluorescent lifetime should be 
associated with an increase of the fluorescence intensity. Because we observed 
a decrease of the fluorescence intensity, it is probable that more than one 
process is involved in the photophysics of the probe in the presence of sugars. 

1.5. CONCLUSION 

The incorporation of the boronic acid group in the meta or ortho position 
does not lead to significant spectroscopic and photophysical changes in 
comparison with the parent A -̂phenyl analog. Both derivatives show a larger 
decrease of their fluorescence emission at high pH while no effect of the pH 
was observed on the fluorescence lifetime. This suggests the presence of a 
static quenching from the formation of the anionic form of the boronic acid 
group. Both compounds also show significant decrease of their fluorescence 
intensity in the presence of sugars, suggesting that they could be used as on-off 
probes in analytical devices for sugar signaling. A significant increase of the 
fluorescent lifetime was observed for the 7 in the presence of sugar while a 
relatively small effect was obtained for the meta-isomQV. The decrease of the 
fluorescence appears to be correlated with a steric hindrance effect. Important 
changes in the phase angle and modulation in the presence of sugar show the 
potential of 7 for use as a sugar probe for fluorescence lifetime-based sensing. 

1 ^ 

Figure 1.11. Effect of sugar on the frequency decay profile of ortho-isom&r 7 measured in 
phosphate buffer (100 mM) pH 7.5 at room temperature (A, ̂ =̂ 310 nm) 
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1.6. SUMMARY AND OUTLOOK 

Herein several approaches were described by which arenecarboximides 
have been employed as versatile fluorescent platforms for saccharide sensing. 
By investigating the effects of substituent groups as well as placement of the 
boronic acid a number of saccharide sensors were prepared with usually one 
step reactions. These approaches have resulted in the discovery of 
chemosensors with different saccharide selectivities. Though by no means an 
exhaustive sampling of this modular synthetic approach, the sensors that were 
generated exhibited interesting photochemical and photophysical properties and 
provided useful insights into the relatively limited area of Co design 
chemosensor. 

Among several monoboronic probes we investigated, probe 1 displayed a 
large change in CHEQ signal response under physiological condition. Probe 2 
exhibits dual emission with remarkable sensitivity for glucose relative to 
fructose and galactose through subtle changes in pH. At low pH sensor 3 
signaled enhanced fluorescence (CHEF) in the presence of galactose. Probes 4-
6 gave poor signal response upon titration with monosaccharides, yet their 
substituent effects lend support to the chelation enhanced quenching model 
proposed for these systems. 

Our investigations into positional isomers of simple monoboronic acid 
probes gave additional evidence for the photoelectrochemical model involving 
CHEQ. A comparison between receptor platforms of the ortho and meta-
phenylboronic groups (7 and 1, respectively) indicated significant differences in 
fluorescent lifetimes upon complexation with different sugars, particularly 
fructose. These findings suggest that the orr/zo-receptor group may have 
potential applications as a sugar probe for fluorescence lifetime-based sensing. 
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GENESIS OF FLUOROPHORE FORMATION 
IN MACROCYCLE SOLUTIONS AND THE 

DETECTION OF GLUCOSE AND RELATED 
SUGARS 

Jorge O. Escobedo, Oleksandr Rusin, and Robert M. Strongin* 

2.1. INTRODUCTION 

The development of improved methods for glucose monitoring is a 
significant challenge. Diabetes and other glucose-related related disorders 
continue to afflict a significant proportion of the global population. 
Interdisciplinary research efforts are ongoing on the international scene.^ 

Our glucose sensing investigations began with the discovery of a series of 
unique functional chromophores and fluorophores. They are generated in situ 
from colorless materials. They bind and recognize glucose and other related 
specific sugars with relatively high selectivity. A promising assay which affords 
direct detection of glucose-selective fluorescence responses in human blood 
plasma has emanated from this work. A convenient automated HPLC 
postcolumn detection system has been developed which allows for the 
resolution and monitoring of glucose and other sugar-derived biomolecules in 
the visible spectral region. The detection of glucose in the presence of 
structurally related sugars such as fructose can be performed via ratiometric, 
dual wavelength monitoring. A mechanism based approach guides the 
development of appropriate experimental conditions for achieving desired 
selectivity. 

2.2. THE DISCOVERY OF NEW FUNCTIONAL FLUOROPHORES 

In 1871, Baeyer synthesized fluorescein, the prototypical xanthene dye.^ 
Soon thereafter, he investigated the reaction of benzaldehyde and resorcinol in 
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B(OH); B(OH)2 

B(OH)2 B(OH)2 

OH OH 

3a X=Br, R= - \ \ V-B(OH)2 

3b X=H, R=CH3 _ 

3cX=Ci2H25, R = ~ ^ \ _ _ ^ 

Figure 2.1. We previously reported that solutions containing resorcinarenes 1, 2a, 2b and related 
condensation product 3a exhibit significant color changes in the presence of sugars. Reprinted with 
permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American 
Chemical Society. 

acidic media? He obtained a reddish solution mixture which changed color to 
violet upon the addition of base. Baeyer's reaction resulted in the creation of 
the first resorcinarenes, cyclic tetramers of resorcinol."^ However, 
resorcinarenes are colorless. His goal was to create new dyes. The trace 
amounts of dye materials he obtained were not investigated until our studies 
began in 1999. 

The resorcinarenes have since greatly impacted the fields of molecular 
recognition, materials science and supramolecular chemistry."^ They were 
among the first classes of compounds demonstrated to bind sugars in organic 
media, via hydrogen bonding and CH-TT interactions with the resorcinol 
moieties comprising the macrocyclic framework.^ Boronic acids are the basis 
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of carbohydrate affinity chromatography. We reasoned that resorcinarenes 
containing boronic acids should embody excellent sugar binding agents. We 
thus synthesized 1 and 2a.^ 

Compounds 1 and 2a were synthesized in one step in combined 90 % yield. 
They were obtained via the HCl-catalyzed reaction of 4-formylphenyl boronic 
acid and resorcinol.^ Facile separation of 1 and 2a by fractional crystallization 
furnished white crystalline solids. X-ray crystallographic analysis of the half-
methyl tetraboronate ester derivative of 1 showed that its solid state architecture 
embodied infinite, antiparallel two-dimensional network of macrocycles, each 
of which exhibited twelve intermolecular hydrogen bonds.^ 

Colorless DMSO solutions of recrystallized la or 2a, (5.2 mM), upon 
standing in solution for several hours or upon heating at 90 °C for 1 min, 
developed a pinkish-purple color. The color formation was monitored via the 
appearance of a X,max at 535 nm and a less intense absorption at 500 nm, as well 
as new fluorescence maxima at A,ex 525 nm and X,em 570 nm.^ 

We observed eleven different solution colors in eleven different heated 
specific sugar solutions containing 1.̂  The sugars studied included neutral 
carbohydrates, glucose phosphate isomers and carboxylic acid and amino sugars. 
The colorimetric responses were rapid, quantifiable and reproducible. Solutions 
containing 2b exhibited relatively insignificant colorimetric responses in the 
presence of sugars compared to solutions containing the boronic acids (1 and 
2a) or their acyclic boron-containing congener 3a.^ 

Heating DMSO solutions of 1 in the dark and/or in degassed conditions 
inhibited solution color generation.^ When the phenolic hydroxyls of 1 were 
acylated and the resultant derivative heated in a DMSO solution at reflux, the 
solution remained colorless.^ Since light, O2 and the resorcinol hydroxyls all 
serve to promote color formation, we hypothesized that oxidation of a 
resorcinol moiety to a quinone led to solution color formation.^'^ 

When resorcinol or benzeneboronic acid were heated in solution separately 
or as a mixture using the aforementioned conditions and corresponding 
stoichiometrics, with and without added monosaccharides, no significant color 
formation occurred.^ This demonstrated that the methine-bridged 
resorcinol/aldehyde condensation architectural motif was needed for 
chromophore formation and for an optical responses to sugars. Methine-
bridged resorcinol condensation product substructures, of which 3a-c are 
examples, have been previously described as reaction intermediates during 
xanthene dye formation (e.g., transformations such as 4 to 5, n=m=0. Scheme 
1).̂ ^ These studies embodied the first investigations of the colorimetric 
properties of resorcinarenes solutions since Baeyer's initial report.^ 

Xanthenes include many of the oldest and most widely used dyes. 
Examples include fluorescein, rhodamine, 6a and 6b and ethyl eosin (6c) and a 
great variety of other related structures. Xanthenes typically exhibit two 
absorption maxima in the visible region.^^ The UV-Vis spectrum of 6b (5.0 x 
10-6 M) in 9:1 DMS0:H20 is shown in Figure 2.3. It exhibits a X̂ âx at 530 nm 
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HO HO 
-H2O 

"OH OH HO HO 

4 R = alkyl, Ar 
n = 0 ,1 , 2, etc. 
m= 0 ,1 , 2, etc. 

5 R = alkyl, Ar 
n = 0, 1, 2, etc. 
m= 0 ,1 , 2, etc. 

Scheme 2.1. Dehydration and oxidation of methine-bridged resorcinol 
oligomers leading to a xanthene. Reprinted with permission from J. Am. Chem. 
Soc, 124(18), 5000-5009 (2002). Copyright 2002 American Chemical Society. 

HO.6^ 

6a X=Y=H, R=CH3 
6b X=OH, Y=H, R=Ph 

6c X=Y=Br, R= " T \ // 

EtOOC 

Figure 2.2. Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). 
Copyright 2002 American Chemical Society. 
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Figure 2.3. 2a (1.0 mg) and 3a (1.0 mg) each in 0.9 mL DMSO were heated to gentle reflux over 
two minutes and cooled to room temperature before 0.1 mL H2O was added to each solution. The 
final concentrations of 2a and 3a in 9:1 DMSOrHzO are 1.03 x 10^ M and 1.96 x 10^ M 
respectively. A solution of 6b (5.0 x 10^ M) was prepared at rt in 9:1 DMS0:H20. Reprinted with 
permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American 
Chemical Society. 



GENESIS OF FLUOROPHORE FORMATION 25 

and a less intense Â ax at 500 nm. Interestingly, the X^ax values and spectral 
features are strikingly similar to those observed for colored DMSO solutions of 
1 as well as 2a, 2b and 3a which we previously reported.^ 

Our simulations showed that formation of a planar xanthene within a 
tetrameric macrocycle would lead to an increase in strain energy of 34.2 
kcal/mol. Prior studies of calixarenes also showed that xanthenes did not 
readily form in cyclic tetramers.^^ Ring opening to acyclic oligomers should 
precede xanthene formation in the resorcinarenes. The condensation reactions 
which form resorcinarenes are reversible under acidic conditions."^ 

The detailed mechanism of resorcinarene macrocycle genesis has been 
studied in detail by Weinelt and Schneider.^^ It was reported that 2b and its 
stereoisomers interconverted via the intermediacy of acyclic oligomers; i.e., 
ring opening and ring reformation. Since resorcinarene ring opening had only 
been demonstrated in the presence of strong acid, acyclic oligomer formation in 
neutral mixed aqueous or neat DMSO solutions (our conditions) without added 
acid required further analysis. 

The Ĥ and ^̂ C NMR spectra of DMSO-J^ solutions of 1 (5.2 mM), heated 
at 90 °C for 3 min exhibited no change compared to spectra of fresh, colorless 
solutions of 1 ^ Xanthene dyes, however, are highly absorbing compounds. 
Trace (ca. 0.5 % conversion; see, for example, the concentrations 
andabsorbances shown in Figure 2.2) amounts of xanthenes, below the NMR 
detection limit, would afford detectable solution colors, under our conditions. 
Relatively vigorous thermolytic conditions were necessary to achieve 
significant amounts of acyclic and colored products. Heating a DMSO (10 mL) 
solution of freshly prepared 2b (100 mg, 18.4 mM) for 8 h at 120 °C followed 
by analysis via reversed phase HPLC led to the observation of numerous new 
products resulting in a highly complex HPLC trace. The new compounds 
represented a 74 % conversion of 2b to products, based on relative peak areas.̂ "̂  

It is known that acid is produced from DMSO. The amount of acid formed 
is dependent on the presence of O2 and peroxides. ̂ ^ Additionally, acid 
generation during DMSO decomposition has been inhibited by free radical 
scavengers.^^^ Under the thermolytic conditions described above, but in the 
presence of free radical scavengers (either BHT or phenothiazene, 10 mol %), 
less than 28 % conversion to new products from 2b was observed. 

Confirmatory evidence that acid forms under our neutral starting conditions 
was obtained via our isolation and characterization, via X-ray crystallography, 
of (CH3)3S^CH3S03".̂ ^ The latter compound was obtained from a thermolysis 
reaction of 2b in DMSO. Methanesulfonic, sulfenic and sulfmic acids (and 
several other products) are known to form via the free radical and acid 
promoted (propagated) decomposition of DMSO. ̂ ^ 

Compound 7 (Figure 2.4), a rarely observed "diamond" resorcinarene 
stereoisomer,^^ isolated in 2.3 % yield from the thermolysis of 2b in DMSO, 
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HO HO MeMe Me 

7 

Figure 2.4. Compound 7 and ORTEP. Reprinted with permission from/ Am. Chem. Soc, 124(18), 
5000-5009 (2002). Copyright 2002 American Chemical Society. 

afforded evidence of resorcinarene bond breaking and reformation. If 7 were 
simply a conformer of 2b, the methyl group (CI8), would project outside, rather 
than above, the plane of the macrocycle's cavity.̂ '* 

Upon thermolysis of 2b we found that acyclic products could be semi-
purified and isolated. A key product, 3b was identified in a broad HPLC 
fraction eluting from 18-20 min. The Ĥ NMR spectrum and MALDI MS 
afforded evidence for 3b.̂ ^ The Ĥ NMR spectrum of the HPLC isolate 
overlayed with that of 3b (independently synthesized in our laboratory) 
confirmed the assignment (Figure 2.4). The production of compounds 3b and 7 
under our conditions linked our investigations and the prior acid-catalyzed 
macrocycle condesation kinetic studies of Schneider. ̂ ^ 

Larger acyclic oligomers were also produced under our conditions. At least 
five sets of doublets appeared between 0.72 and L53 ppm in the ^H NMR 
spectrum of each of two flash column fractions, corresponding to various 
methyl group resonances. 

In addition, the MALDI MS of other fractions showed peaks for higher 
homologs of 3b (entries 1 and 2, Table 2.1). MALDI MS evidence also 
suggested the formation of xanthene materials not previously reported in 
previous fragmentation and equilibration studies of 2b(entries 3-6,Table 2.1).̂ '̂ ̂ ^ 

Heating a solution of 3b, the parent acyclic unoxidized homolog attained 
via ring-opening of 2b, afforded the corresponding xanthene. The ^H NMR 
spectrum of the product mixture revealed resorcinol as the predominant (90 %) 
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Figure 2.5. Top: expansion of a Ĥ NMR spectrum of semipurified thermolysis reaction products 
of 2b showing the formation of 3b. Bottom: expansion of a Ĥ NMR spectrum of pure 3b. 
Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 
American Chemical Society. 

product as well as minor conversion to 2,4-dihydroxyacetophenone 8 (ratio of 
integrals of resorcinol triplet 6.94 ppm to 8 doublet at 7.76 ppm is 153:1, 
CH3OD) and very small traces of xanthene 6a (d, 7.65 ppm). 

Table 2.1. MALDI MS evidence for the formation of acyclic oxidized and 
unoxidized products from the thermolysis of 2b. Reprinted with permission 
from y. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American 
Chemical Society. 

Entry 

1 
2 

3 

4 

5 

6 

Structure 

4, R=Me, m=l, n=0 
4, R=Me, m=3, n=2 

6a 

5, R=Me, m+n=4 

5, R=Me, m+n=3 

5, R=Me, n=l, m=0 

TLCRp 

0.29 
0.44 

0.44 

0.26 

0.84 

0.79 

(m/z) calcd 
382.41 
926.36 

226.23 

906.01 

770.79 

362.51 

(m/z) obsd 

381.89 
926.28 

225.61 

906.33 

770.82 

361.38 

The production of resorcinol and 8 is consistent with the reversible 
condensation mechanism of resorcinarenes in acidic media. ̂ ^ This result also 
complemented our related finding that 4-formylphenylboronic acid is produced 
from 3c.̂ ^ Moreover, in the presence of acid, addition of H2O to the methine 
carbon of 4 (R=Ar, n=0, m=0) followed by elimination is known as a key 
intermediate step in the synthesis of xanthenes.^^ 
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Figure 2.6. Structure of compound 8. Reprinted with permission from J. Am. Chem. Soc, 124(18), 
5000-5009 (2002). Copyright 2002 American Chemical Society. 

Better conversion to xanthene 6a from 3b was observed upon limiting the 
heating time to 2 h. The Ĥ NMR spectrum of the reaction mixture exhibited a 
doublet at 7.65 ppm characteristic of 6a with improved S/N compared to the 28 
h experiment. Resonances centered at 5.26, 6.49 and 6.60 ppm were also 
present. Comparison to the Ĥ NMR of an analytical sample^^ of 6a confirmed 
its assignment. Heating a solution of 3b, H2SO4 and K2S2O8 in MeOH at reflux 
for 2h afforded the most efficient conversion (4 % yield) of 3b to 6a we have 
attained to date. 

The color observed in Baeyer's resorcinol and benzaldehyde condensation 
reaction^ was thus caused by the presence of trace amounts of highly absorbing 
xanthenes. He had indeed synthesized fluorescein^ analogs, albeit as minor 
products. In our studies, we have found that functional xanthenes form in 
solutions containing resorcinarene macrocycles (Scheme 2.1). An 02-induced 
radical decomposition of DM SO leads to the in situ formation of strong acid. 
The acid forms catalyzes a reverse condensation reaction. This leads to acyclic 
oligomers. The oligomers readily undergo oxidation reactions assisted by the 
presence of acid and peroxide. Acyclic xanthene formation from macrocyclic 
resorcinarenes is summarized in Scheme 2.1. 

2.3. THE MECHANISM OF SUGARINDUCED SIGNAL 
TRANSDUCTION 

Resorcinol and congeners have played a role in tests for sugars dating to 
the 19̂*̂  century. In 1887 Seliwanoff reported a resorcinol assay which led to 
related methods still in use today.^^ These methods can suffer from selectivity 
issues, relatively harsh conditions and tedium.̂ "̂  In the 1990's, significant 
progress was made towards milder detection of monosaccharides. This was due 
in large part to the pioneering efforts of Shinkai and coworkers. Their studies 
were based primarily on aniline-functionalized azo dyes containing appended 
arylboronic acids.^^ 

The study of glycobiology is of great current interest.^^ Oligosaccharides 
reside on glycoproteins and cell surfaces. Most of the recent progress towards 
the detection of sugars has, however, involved monosaccharide analysis.^ '̂̂ ^ 
The natural occurence of the bewildering variety of oligosaccharides amplifies 
the problems associated with monosaccharide analysis. 

The colorimetric detection of mono- and oligosaccharides eluting from 
chromatographic columns is a major challenge in sugar analysis.^^ The classical 
methods used in automated HPLC post-column systems do not efficiently allow 
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for the detection of oligosaccharides containing more than three residues. For 
example, it has been reported that maltohexaose's response is just 18 % of that 
observed for the same weight of glucose.^^ Importantly, complete hydrolysis to 
monosaccharides or covalent attachment of the oligosaccharides to a 
chromophore or fluorophore, which can lead to diminished separation, is 
required.̂ '̂̂ ^ 

Dyes containing boronic acid moieties are known to exhibit fluorescence 
and, less commonly, colorimetric changes in the presence of sugars.^^ When 
saccharides condense with boronic acids, they form cyclic boronates. When 
part of the boronate ring structure, the boron's Lewis acidity is heightened.^^ 
As a result, after binding with saccharides, sp^-hybridized neutral boron 
becomes an sp^-hybridized anion due to the addition of H2O or HO' as a fourth 
ligand (Figure 2.8). Several authors have reported that signal transduction 
promoted by sugar binding to chromophores or fluorophores containing boronic 
acid moieties are due to the changes in boron hybridization from the neutral sp^ 
species to an sp^-hybridized charged complex.̂ '*'̂ ^^ 

Our NMR studies showed that in the presence of 2a (40 mM), D-fructose-
2-̂ ^C (1 equiv) in 9:1 DMSO-J6:D20 several new ^̂ C-2 resonances 
corresponding to cyclic sugar boronic esters (Figure 2.7) appear.̂ "̂  The 
chemical shifts obtained (Table 2.2) are in striking agreement with those 

Figure 2.7. Structures of the four 2a:P-D-fructofuranose complexes (9-12) observed in 9:1 
DMSO-^e-DiO. Boronates 11 and 12 are "exo" and "endo" isomers exhibiting '^C-2 chemical shifts 
of equal intensity at 114.4 and 114.3 ppm, respectively. Reprinted with permission from J. Am. 
Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American Chemical Society. 
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observed by Norrild in his studies of model /?-tolylboronic acid- sugar 
complexes.^^ Importantly, we observed resonances for four anionic complexes, 
three of which are related to known P-D-fructofuranose esters and shown in 
Figure 2.7. An upfield shift of the ^̂ B NMR resonance connotes conversion of 
sp^-hybridized neutral boron to an sp^-hybridized boronate anion.^^ ^̂ B NMR 
investigations confirmed the formation of sp^-hybridized boronate anions upon 
fructose complexation, consistent with our ^̂ C NMR results.̂ "* 

Table 2.2. Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-
5009 (2002). Copyright 2002 American Chemical Society. 

Fructose 
mutarotational 
isomer bound to 
boron 
P-D-fructofuranose 

P-D-fructopyranose 

a-D-fructofuranose 
a-D-fructopyranose 

Literature value' 
(p-tolylboronic 
ester) 

113.4' 
114.r 
114.6' 
115.2' 
105.0' 
107.6' 
99.8' 
92.6' 

^̂ C-2 chemical shift (ppm) 
Experimental value"* 
(2a boronic ester) 

113.8(10) 
114.4(11) 
114.3(12) 
115.5(9) 

105.0 
107.7 
99.9 
93.2 

'In D2O at pD --

DMSO-rf6:D20. 

11-12. În DMSO-flf6. "^Reference 31. Experimental values are obtained in 9:1 

+ fructose 

ei 
HO-B-OH 

OH 
14 

Figure 2.8. Equilibria for solutions of 2a and D-fructose. Reprinted with permission from J. Am. 
Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American Chemical Society. 
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B(OH)2 
17 

Figure 2.9. Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). 
Copyright 2002 American Chemical Society. 

Anionic boronate formation lowers the p^a of 5. One might also visualize 
this by analyzing the resonance forms of xanthenes 17 and 18. Structure 18 has 
a more stable cation than 17, rendering the C-6 hydroxyl of 18 relatively less 
ionizable (Figure 2.9). Anionic boron serves as an excellent a-bond donor. 

Figure 2.10. Spectrophotometric study (^=534 nm) of colored solutions containing 2a (top, 3.5 x 
10"* M) and 3a (bottom, 3.5 x 10"* M) alone and with D-fructose (3.5 x 10^ M) in buffered 9:1 
DMSOrHiO (pH values refer to the H2O portion before mixing with DMSO). Reprinted with 
permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 American 
Chemical Society. 
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19a n=0 maltose 
19b n=1 maltotriose 
19c n=2 maltotetraose 
19d n=3 maltopentaose 
19e n=4 maltohexaose 
19f n=5 maltoheptaose 

Figure 2.11. Structures of maltodextrines 19a-f. Reprinted with permission from 7. Am. Chem. 
Soc, 124(18), 5000-5009 (2002). Copyright 2002 American Chemical Society. 

We have reported increased absorbance at 532 nm as a function of raising 
the solution pH of colored aqueous DMSO solutions of resorcinol condensation 
products.^^ Diminished absorbance in pH-controlled media in the presence of 
saccharides should thus result if sugar complexation lowers the dye pK^,. The 
results of a pH vs. absorbance titration monitored at 534 nm are shown in 
Figure 2.10. Colored 9:1 DMS0:H20 solutions containing 2a exhibit an 
intensity onset beginning at ca. pH = 9. However, when the same procedure is 
performed in the presence of fructose, the absorbance is significantly lessened. 
The titration of colored solutions of 3a results in a similar plot as that for 2a 
solutions showing that both receptors consistently exhibit pKa depression 
(Figure 2.10). Solutions containing 2a or 3a change color from dark brown to 
pale orange upon fructose addition. This result also proves that we can attain 
sugar-induced signal transduction at room temperature in buffered media with 
our techniques.^^ 

300 • 
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1 ^ 

=5 
S 100 

50 

19e 

glucose ^g ĵ ^ p ^ 

19c > r 

19b ^ ^ 

19a i ^ 

3 200 400 600 800 1000 

Molecular Weight (g/mol) 

19f 

1200 1400 

Figure 2.12. Plot of binding constant (three trials, monitored at 460 nm) vs molecular weight. 
Increasing molecular weight beginning with a-D-glucose through the series of linear maltodextrins 
(19a-f) results in an increase of binding constants (65.0, 108.3, 145.0, 189.7, 246.0 and 275.0 M"̂ ) 
in colored solutions containing 2a. The binding constants are reproducible within ± 10 %. 
Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). Copyright 2002 
American Chemical Society. 
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Prior studies (using fluorescence detection) showed that binding constants 
for the interaction of oligosaccharides with other fluorophore-appended 
arylboronic acids increased with larger oligosaccharide size.^^ We thus applied 
our methodology to the problem of simple detection of linear maltodextrins 
19a-f (Figure 2.11). The maltodextrins are neutral oligosaccharides composed 
of glucose residues with a-1,4-glycoside linkages. Maltodextrins 19a-f (0-7.5 x 

2a 

— — — 2a + maltose 

— - - - - 23 + maltotriose 

— - — -2a + maltotetraose 

— - - ^ 2 a + maltopentaose 

2a + maltohexaose 

2a + maltoheptaose 
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Figure 2.13. UV-Vis spectra of solutions of 2a, 1 and 2b heated alone or in the presence of 19a-f. 
The boronic acid-containing receptors 1 and 2a exhibit larger absorbance responses to 
oligosaccharides. Reprinted with permission from J. Am. Chem. Soc, 124(18), 5000-5009 (2002). 
Copyright 2002 American Chemical Society. 
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10"̂  M) were dissolved in 0.5 mL carbonate buffer (2.5 x 10'̂  M, pH = 11) and 
mixed with 0.5 mL DMSO colored preheated solutions of 2a (5.0 x lO'"* M) 
respectively to furnish a 1:1 DMSO:H20 solvent system. The solution colors 
changed from orange to yellow upon sugar addition. 

We thus can detect neutral oligosaccharides in buffered media at room 
temperature by visual inspection. Apparent equilibrium constants (i^exp(app)) 
were determined. Enhanced binding, rather than diminished {vide supra) 
affinity correlating with larger molecular weight was observed (Figure 2.12). 
The important problem of diminished absorbance correlating with increasing 
glucose oligomer chain length^ '̂̂ ^ was thus overcome in the case of our boronic 
acid-containing receptors. More dramatic absorbance changes were observed at 
elevated temperatures (Figure 2.13) which are amenable to HPLC postcolumn 
detection conditions {vide infra). Importantly, compound 2b, which does not 
contain boronic acid moieties, showed insignificant responses to the presence of 
sugars (Figure 2.13, bottom). This is further strong evidence of the key role of 
boronic acid-based receptors in glucose oligomer monitoring. 

2.4. A HIGHLY CONVENIENT NEW AUTOMATED HPLC POST-
COLUMN DETECTION METHOD FOR MONITORING GLUCOSE 
AND RELATED BIOMOLECULES 

The separation and analysis of carbohydrates by HPLC is common practice. 
The fact that carbohydrates are virtually transparent in the visible and most of 
the ultraviolet region hampers straightforward detection with common UV-Vis 
and fluorescence detectors.̂ "^ Direct detection below 210 nm severely restricts 
solvent choice. Refractivity detection has low sensitivity and is readily affected 
by changes in temperature. It can be used only under isocratic conditions. 
Detection by pulsed amperometric detection (PAD) usually necessitates high 
pH. Mass spectrometric detection (HPLC-MS), requires sophisticated 
equipment.̂ "^ Evaporative light scattering detection (ELSD) offers a limited 
choice of buffers and may require advanced detector design for molecules with 
a lower molecular weight range that can evaporate along with the mobile phase. 
The system may also require relatively high maintenance.̂ "^ 

Pre-column derivatization methods using chromopohores or fluorophores 
can hamper sugar separation as conjugation can significantly affect retention 
times. Post-column derivatization techniques are thus attractive.̂ "̂ '̂ "̂ "̂ ^ Older 
post-column carbohydrate post-column reactions required reagent delivery and 
detection systems which were incompatible with certain solvents needed for 
separations, exhibit peak broadening and needed to be corrosion-resistant due to 
the common requirement of acid to produce the detectable species.̂ "̂ '̂ ^ 

Milder post-column reactions with fluorogenic compounds are known.^^ 
Many of the reagents used are selective only for specific groups of compounds. 
The reactions are irreversible. The use of a synthetic reagent which produces 
signal transduction via non-covalent or reversible covalent binding, could allow 
for greater selectivity and the recovery of scarce or expensive analytes. 
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Scheme 2.2. Synthesis of 20. Reprinted with permission from Org. Lett. 5(26), 
5007-5010 (2003). Copyright 2003 American Chemical Society. 

We designed receptor 20 based on the high molar absortivity in the visible 
region of rhodamine.^^ Additionally, it has the potential for favorable boron-
nitrogen interactions to promote sugar-boronate formation at neutral pH.̂ ^ 
Compound 20 was readily synthesized as shown in Scheme 2. It is selective for 
fructose over glucose in solution, in keeping with the behavior of most boronic 
acid derivatives.^^ A blue shift of the ^^ax from 550 nm to 530 nm upon 
addition of fructose or glucose was observed (Figure 2.14). The apparent 
equilibrium constant for the interaction of 20 and D-fructose is 3,806 M'^; for 
D-glucose the value is 375 M"\ The result is consistent with a B-N interaction. 
The aniline nitrogen lone pair interaction with boron increases upon sugar 
binding. Its interaction with the conjugated xanthene moiety is concomitantly 
diminished, affording the observed blue shift. 

Fructose is an interferent of concern in glucose monitoring as most boronic 
acid compounds have higher affinities to fructose than to glucose. High D-
fructose intake is associated with hypertriglyceridaemia, atherosclerosis^^ and 
insulin resistance."^^ Non-enzymatic glycosidation product formation from 
fructose is of concern.'*^ The determination of fructose levels in human plasma 
is hampered because of interference from excess (ca. 100-fold) glucose."^^ Thus, 
levels of fructose reported suffer from Interlaboratory imprecisionr.^^ GC or 
HPLC determinations typically require tedious sample preparation."*^ 

Mixtures of D-glucose and D-fructose can be readily monitored via 
automated post-column HPLC detection using 20 as the postcolumn reagent."*"* 
A significant peak for D-fructose was clearly observed even in the presence of a 
100-fold excess of D-glucose (Figure 2.15). Importantly, at physiologically 
relevant proportions, both sugars were easily resolved and detected in the 
visible spectral region (Figure 2.13). 
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Figure 2.14. UV-Vis spectra of solutions of 20 (1.64 x 10^ M, 0.16 M pH 9.5 carbonate buffer in 
1:2 MeOH:H20) upon titration with D-fructose. The final concentration of fructose was 8.33 x 10'' 
M. Reprinted with permission from Org. Lett. 5(26), 5007-5010 (2003). Copyright 2003 American 
Chemical Society. 

The glucose oligomers (maltodextrins) can also be readily detected. In 
contrast, and as noted above, many currently used oligosaccharide HPLC 
detection methods require prior complete hydrolysis to monosaccharides or pre-
column derivatizations.^ '̂"* 

fructose 

10 

time (min) 

Figure 2.15. Top: chromatogram of a 1:1 mixture of D-fructose and D-glucose (20.0 jag, >.=560 
nm). Bottom: chromatogram of a mixture of D-fructose (4.5 |ag) in the presence of a 100-fold 
excess of D-glucose. Reprinted with permission from Org. Lett. 5(26), 5007-5010 (2003). 
Copyright 2003 American Chemical Society. 
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Figure 2.16. Chromatogram of a 1:1 mixture of maltohexaose and maltotriose (80 |ag, A,=560 nm). 
Reprinted with permission from Org. Lett 5(26), 5007-5010 (2003). Copyright 2003 American 
Chemical Society. 

The boronic acid-flinctionalized xanthenes allowed us to generate strong 
colorimetric responses for glucose oligosaccharides {vide supra)}^ Under 
similar conditions (reactor temperature set to 94 ^C) to those used for the 
glucose and fructose, mixtures of maltotriose and maltohexaose (80 fag) were 
monitored (Figure 2.16) at 560 nm using rhodamine derivative 20. Figure 2.17 
and Table 2.2 further attest to the general use of this approach in monitoring and 
resolving glucose from selected potential related interferents and biomolecules 
of interest, such as sialic acid and GM1 .^^'^^ 

10 

time (min) 

- T — 
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Figure 2.17. Chromatogram of GMl (220 |ig, >.=520 nm). Reprinted with permission from Org. 
Lett. 5(26), 5007-5010 (2003). Copyright 2003 American Chemical Society. 
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Table 2.3. Retention times (min) and limits of detection (LOD, \ig) for various 
carbohydrates via spectrophotometry. The Table shows the potential for 
achieving significant LODs using fluorescence detection (in progress). 
Reprinted with permission from Org. Lett. 5(26), 5007-5010 (2003). Copyright 
2003 American Chemical Society.. 

carbohydrate 

D-fructose 
D-glucose 

maltohexaose 

maltotriose 

A^-acetylneuraminic acid 

GMl 

retention time 

10.1 
12.0 

6.0 

7.3 

7.2 

5.5 

LOD 

2.3 
7.1 

30.1 

35.8 

45.4 

26.8 

2.5. DETECTION OF GLUCOSE IN HUMAN BLOOD PLASMA AND 
PROGRESS TOWARDS CONCURRENT DETERMINATION OF 
GLUCOSE AND FRUCTOSE 

In keeping with our studies involving monitoring glucose with good 
selectivity in the presence of other sugars, we recently focused our attention on 
the direct detection of glucose and fructose in mixtures and in human blood 
plasma. We have found that glucose can be selectively detected in human 
blood plasma by fluorescence. In contrast, glucose and fructose may be 
detected concurrently via a spectrophotometric method using ratiometric, dual 
wavelength monitoring. 

Colored solutions of 1 at room temperature change color from pink-purple 
to orange-yellow upon addition of 1 equiv fructose. Other saccharides such as 
glucose, sucrose, maltose, lactose, xylose, and glucose, even added in 
significant excess, exhibited no color change under these mild conditions.^^ 

The color change observed corresponds to a ratiometric absorbance 
decrease at 536 nm and increase at 464 nm (Figure 2.18). The absorbance 
changes exhibited a linear dependence on fructose concentration with good 
correlation (R = 0.9079 and 0.9419 at each of the two wavelengths, 
respectively). 

Addition of 1 equiv fructose at room temperature to a colored solution of 1 
resulted in an 8.6 % increase in absorbance at 464 nm. Addition of 100 
equivalents of glucose to the mixture of fructose and 1 resulted in no significant 
spectral change at 464 nm. When a second equivalent of fructose was added to 
the mixture of 1, fructose and glucose, an increase in absorbance was clearly 
observed. Thus, at 464 nm, only fructose is detected, even in the presence of 
100 equiv glucose. 
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Figure 2.18. Upper: Addition of fructose to a preheated (3.0 min at reflux) solution of 1 (5.2 x 10^ 
M) in DMSO at room temperature affords concentration-dependent absorbance changes at 464 nm 
and 536 nm. Lower: UV-Vis spectra of a 9:1 DMSO:H20 solution containing 1 (5.2 x 10^ M) pre­
heated (1.5 min at reflux) (i) alone, (ii) upon addition of 1 equiv fructose at room temperature which 
produces an absorbance increase at 464 nm and a corresponding decrease at 536 nm, (iii) upon 
addition of 100 equiv glucose which produces no absorbance change at 464 nm but a decrease at 
536 nm and (iv) upon addition of a second equivalent of fructose which affords a further absorbance 
increase at 464 nm and decrease at 536 nm. Reprinted with permission from J. Fluoresc, 14(5), 
611-615 (2004). Copyright 2004 Springer Science + Business Media, Inc. 

In contrast, the absorbance of the solution of 1 at 536 nm was diminished 
20 % upon treatment with 1 equiv fructose. The addition of 100 equivalents of 
glucose to this latter mixture decreased the absorbance by 12 %. Addition of 
another equivalent of fructose lowered the absorbance again, by 24 % (Figure 
2.18). At 536 nm, both glucose and fructose are detectable. 

These effects can be useful for the indirect determination of glucose in 
samples containing fructose and glucose. Such a procedure can be performed 
via analysis of the ratio of the absorbance at 536 nm (both glucose and fructose 
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Figure 2.19. Upper: Fluorescence emission changes produced upon addition of D-glucose to a 
colored solution (DMS0:H20 9:1) containing 1 (5.0 x 10'̂  M) at room temperature. The glucose 
concentration was increased from 0 to 7.4 x lO'* M. Lower: Fluorescence emission changes 
produced upon addition of D-fructose to a colored solution (DMS0:H20 9:1) containing 1 (5.0 x 10" 
^ M) at room temperature. The fructose concentration was increased from 0 to 1.8 x 10'̂  M. 
Reprinted with permission from J. Fluoresc, 14(5), 611-615 (2004). Copyright 2004 Springer 
Science + Business Media, Inc. 

promote signal changes) to the absorbance at 464 nm (signaling promoted by 
fructose only), for instance, after the fructose concentration is determined 
at464nm. 

The high selectivity of 1 for fructose is consistent with the reported binding 
constants for saccharides.^^ Our UV-Vis studies require high concentrations of 
saccharides. They may be applied towards the analysis of sugars in samples 
such as syrups, caramels and honey. For other samples (e.g. naturally-occurring 
biological liquids, many pharmaceuticals, etc.), where the concentration of 
sugars is significantly lower, solutions of 1 can be successfully used for direct 
monitoring of glucose in the range of physiological levels via fluorescence 
spectroscopy, as described below. 

The fluorescence emission spectra of the colored DMSO solutions of 1 and 
added glucose or fructose are shown in Figure 2.19. As the sugar concentration 
was increased, an emission increase was promoted by both saccharides. In 
contrast to the UV-Vis studies, a significant signal change was generated by 
glucose, using similar concentrations of fructose. 
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Figure 2.20. Upper: Fluorescence emission spectra produced by (i) a preheated (3 min at reflux) 
colored solution (DMS0:H20 9:1) containing 1 (5.0 x 10^ M) at room temperature, (ii) the same 
conditions but in the presence of 20 \iM D-fructose, added at room temperature, which affords no 
observable change in emission, (iii) the same conditions as (i) but with added D-glucose (5.3 jiM ) 
which promotes an emission increase and (iv) same conditions as (iii) but in deproteinized human 
blood plasma instead of H2O, which exhibits an emission increase in response to added glucose. 
Lower: Concentration-dependent emission changes produced via room temperature additions of D-
glucose to a 9:1 DMSO:plasma solution containing 1. Reprinted with permission from J. Fluoresc, 
14(5), 611-615 (2004). Copyright 2004 Springer Science + Business Media, Inc. 

The level of D-fructose in human blood plasma is ca. 50 |iM. This is 
significantly lower than that of D-glucose (the ratio of glucose to fructose in 
blood plasma is ca. 100:1). Fluorescence emission spectra of colored solutions 
of 1 in DMSO, upon addition of fructose (the fructose concentration range 
studied is 20 jaM to 100 |iM), exhibited no detectable fructose-promoted 
emission. Healthy levels of D-glucose are ca. 5 mM. The emission spectra of 
glucose (5.5 X 10"̂  M) and 1 (1.0 x 10"̂  M) in DMSOiHsO, 9:1, as well as in a 
9:1 DMSO:plasma solution, are shown in Figure 2.20. Emission increases due 
to the presence of glucose were observed in both cases as a function of glucose 
levels (Figure 2.20). 

The fluorescence studies showed that boronic acid-flinctionalized 
xanthenes may detect glucose in blood plasma without interference from 
fructose, within the range of their physiologically relevant concentrations. The 
enhanced fluorescence emission of 1 promoted by glucose, in comparison to its 
weaker UV-Vis response relative to fructose, may be attributed to chelation by 
neighboring boronic acids of 5. It is well known that glucose can be bound 
simultaneously by two neighboring boronic acids. In the case of xanthene 
fluorophores, this results in scaffold rigidification. Such rigidification effects 
have previously demonstrated in enhancing fluorescence emission.̂ '̂̂ ^ Figure 
2.21 shows an energy-minimized model of a xanthene fluorophore binding D-
glucose as the bis-boronate ester. 
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Figure 2.21. Energy-minimized structure of the bis-boronate complex formed between 5 and 
glucose. 

2.6. CONCLUSION 

Baeyer synthesized xanthene dyes during his resorcinol-benzaldehyde 
condensation, albeit at low levels compared to the major product macrocycles. 
We found that these resorcinarenes macrocycles form acyclic oligomers which 
convert to trace amounts of highly absorbing chromophoric and fluorescent 
materials. When functionalized with boronic acids, xanthenes can be used as 
colorimertic and fluorescent reagents that are highly versatile. They are useful 
in applications such as convenient automated post-column detection systems for 
monitoring glucose and related sugars in the visible spectral region. They allow 
selective glucose detection in human blood plasma by fluorescence emission, 
and ratiometric monitoring of sugar mixtures by spectrophotometry. The 
further study of the mechanism of signal transduction and the development of 
convenient glucose detection protocols in challenging biological matrices is 
ongoing in our laboratory. 

2.7. ACKNOWLEDGMENTS 

We are very grateful to the National Institutes of Health for supporting this 
research via grant 8R01EB002044-03. 

2.8. REFERENCES 

1. J. Fluoresc. 14(5), 611-615 (2004) entire issue. 
2. A. von Baeyer, Chem. Ber. 5, 255 (1871). 



GENESIS OF FLUOROPHORE FORMATION 43 

3. (a) A. von Baeyer, Ueber die verbindungen der aldehyde mit den phenolen, Ber. Dtsch. Chem. 
Ges. 5, 25 (1872). (b) A. von Baeyer, Ueber die verbindungen der aldehyde mit den phenolen, 
Ber. Dtsch. Chem. Ges. 5, 280 (1872). 

4. (a) H.-J. Schneider and U. Schneider, Supramolecular chemistry, part 53. The host-guest 
chemistry of resorcinarenes, J. Inclusion Phenom. Macrocyclic Chem. 19(1-4), 67-83 (1994). 
(b) Container Molecules and Their Guests, Cram, D. J.; Cram, J. M., The Royal Society of 
Chemistry: Cambridge, U.K. 1994. (c) J. C. Sherman, Carceplexes and hemicarceplexes -
molecular encapsulation - from hours to forever. Tetrahedron 51(12), 3395-3422 (1995). (d) P. 
Timmerman, W. Verboom and D. N. Reinhoudt, Resorcinarenes, Tetrahedron 52(8), 2663-
2704 (1996). (e) A Jasat and J. C. Sherman, Carceplexes and hemicarceplexes, Chem. Rev. 
99(4), 931-967 (1999). (f) D. M. Rudkevich and J. Rebek, Deepening cavitands, Eur. J. Org. 
C/iem. 9, 1991-2005(1999). 

5. Y. Aoyama, Y. Tanaka and S. Sugihara, Molecular recognition. 5. Molecular recognition of 
sugars via hydrogen-bonding interaction with a synthetic polyhydroxy macrocycle, J. Am. 
Chem. Soc. 111(14), 5397-5404 (1989). 

6. P. T. Lewis, C. J. Davis, M. Saraiva, D. Treleaven, T. McCarley and R. M. Strongin, 
Tetraarylboronic acid resorcinarene stereoisomers. Versatile new substrates for divergent 
polyfunctionalization and molecular recognition, J. Org. Chem. 62(18), 6110-6111 (1997). 

7. C. J. Davis, P. T. Lewis, D. R. Billodeaux, F. R. Fronczek, J. O. Escobedo and R. M. Strongin, 
Solid-state supramolecular structures of resorcinol-arylboronic acid compounds, Org. Lett., 
3(16), 2443-2445 (2001). 

8. C. J. Davis, P. T. Lewis, M. E. McCarroU, M. W. Read, R. Cueto and R. M. Strongin, Simple 
and rapid visual sensing of saccharides. Org. Lett. 1(2), 331-334 (1999). 

9. P. T. Lewis, C. J. Davis, L. A. Cabell, M. He, M. W. Read, M. E. McCarroll and R. M. 
Strongin, Visual sensing of saccharides promoted by resorcinol condensation products. Org. 
Lett. 2(5), 589-592 (2000). 

10. R. N. Sen and N. N. Sinha, Condensations of aldehydes with resorcinol and some other 
aromatic hydroxy compounds, J. Am. Chem. Soc. 45(12), 2984-2996 (1923). 

11. S. N. Gupta, S. M. Linden, A. Wrzyszczynski, D. C. Neckers, Light-induced spectral changes 
in Rose Bengal endcapped polystyrene, Macromolecules 21(1), 51-55 (1988). 

12. K. Agraria and S. E. Biali, Intramolecular Ar-O-Ar bond formation in calixarenes, J. Org. 
Chem. 66(16), 5482-5489 (2001). 

13. F. Weinelt and H.-J. Schneider, Mechanisms of macrocycle genesis. The condensation of 
resorcinol with aldehydes, J. Org. Chem. 56(19), 5527-5535 (1991). 

14. M. He, R. J. Johnson, J. O. Escobedo, P. A. Beck, K. K. Kim, N. N. St. Luce, C. J. Davis, P. T. 
Lewis, F. R. Fronczek, B. J. Melancon, A. A. Mrse, W. D. Treleaven and R. M. Strongin, 
Chromophore formation in resorcinarene solutions and the visual detection of mono- and 
oligosaccharides, J. Am. Chem. Soc. 124(18), 5000-5009 (2002). 

15. (a) B. T. Gillis and P. E. Beck, Formation of tetrahydrofuran derivatives from 1,4-diols in 
dimethyl sulfoxide, /. Org. Chem. 28(5), 1388-1390 (1963). (b) T. M. Santususso and D. 
Swem, Acid catalysis as a basis for a mechanistic rationale of some dimethyl sulfoxide 
reactions, Tetrahedron Lett. 15(48), 4255-4258 (1974). (c) J. Emert, M. Goldenberg, G. L. 
Chiu, and A. Valeri, Synthesis of dibenzyl ethers via the dehydration of benzylic alcohols in 
dimethyl sulfoxide, J. Org. Chem., 42(11), 2012-2013 (1977). 

16. F. R. Fronczek, R. J Johnson and R. M. Strongin, Trimethylsulfonium methanesulfonate. Acta 
Cryst. E5, 0447-0448 (2001). 

17. (a) C.-T. Chen and S.-J. Yan, Acid catalysis as a basis for a mechanistic rationale of some 
dimethyl sulfoxide reactions. Tetrahedron Lett. 10(44), 3855-3856 (1969). (b) D. L. Head and 
C. G. McCarty, Tetrahedron Lett. 14(16), 1405-1408 (1973). 

18. For the structures of the different possible resorcinarene stereoisomers see reference 4d. 
19. In the previous work (reference 11), acyclic oligomeric products (3b and two stereoisomeric 

trimeric compounds, three resorcinol rings, 4, R=Me, m=l, n=0, Scheme 1) were isolated and 
characterized. Higher order acyclic oligomers (e.g., pentamers and hexamers) were also 
observed as major reaction products. Methyl ' H N M R resonances, appearing as several 
doublets between 0.7 and 2.0 ppm (CH3OD) that corresponded to neither 3b, 4 (R=Me, m=l, 
n=0), or resorcinarene macrocycles, thus were assigned to acyclics with five or more 
resorcinol moieties. 



44 J. O. ESCOBEDO ETAL, 

20. Flash column chromatography and TLC analysis of the thermolysis products of 2b were 
complicated by the multiple product formation and fraction streaking. 

21. F. R. Fronczek, N. N. St. Luce and R. M. Strongin, Space-group revision for 4-formyl-
phenylboronic acid, Acta Cryst. C57, 1423-1425 (2001). 

22. R. N. Sen and N. N. Sarkar, The condensation of primary alcohols with resorcinol and other 
hydroxy aromatic compounds, J. Am. Chem. Soc, 47(4), 1079-1091 (1925). 

23. For example: (a) T. Seliwanoff, Notiz (iber eine frunchtzucker-reaction, Chem. Ber. 20, 181 
(1887). (b) M. Bial, Uber die diagnose der pentoseurie mit dem von mir angegebenegen 
reagents, Dtsch. Med. Wehschr. 253 (1902). (c) R. G. Kulka, Colorimetric estimation of 
ketopentoses and ketohexoses, Biochem J. 63, 542 (1956). 

24. M. F. Chaplin in: Monosaccharides/Carbohydrate Analysis. A Practical Approach, edited by 
M. F. Chaplin and J. F. Kennedy (Oxford University Press, Oxford, 1994), pp 1-40. 

25. Review: (a) T. D. James, K. R. A. S Samankumara Sandanayake and S. Shinkai, Saccharide 
sensing with molecular receptors based on boronic acid, Angew. Chem. Int. Ed. Engl. 35(17), 
1911-1922 (1996). More recent examples of boronic acid-based dyes and optical sensing of 
neutral sugars: (b) K. Koumoto, M. Takeuchi and S. Shinkai, Design of a visualized sugar 
sensing system utilizing a boronic acid azopyridine interaction, Supramol. Chem. 9(3), 203 
(1998). (c) K. Koumoto and S. Shinkai, Colorimetric sugar sensing method useful in "neutral" 
aqueous media, Chem. Lett. 8, 856-857 (2000). (d) C. J. Ward, P. Patel, P. R. Ashton and T. D. 
James, A molecular colour sensor for monosaccharides, Chem. Commun. 3, 229-230 (2000). 
(d) N. DiCesare and J. R. Lakowicz, New color chemosensors for monosaccharides based on 
Azo dyes. Org. Lett. 3(24), 3891-3893 (2001). 

26. Recent examples: a) C. R. Bertozzi and L. L. Kiessling, Chemical glycobiology, Science 
291(5512), 2357-2364 (2001). (b) J. Axford, The impact of glycobiology on medicine, Trends 
Immunol. 22(5), 237-239 (2001), and references cited therein. 

27. Solution color changes in response to monosaccharides, maltose, maltotriose and maltoteraose 
using a resorcinarene-methyl red dye competition process: O. Rusin and V. Krai, 1,1'-
Binaphthyl substituted calixresorcinols-methyl red complexes: receptors for optical saccharide 
sensing, Tetrahedron Lett. 42(25), 4235-4238 (2001). 

28. J. F. Kennedy and G. Pagliuca in: Oligosaccharides/Carbohydrate Analysis. A Practical 
Approach, edited by M. F. Chaplin and J. F. Kennedy (Oxford University Press, Oxford, 
1994), pp 46-62. 

29. Review: J. M. LoGuidice and M. Lhermitte (1996). HPLC of oligosaccharides in glycobiology 
Biomed. Chromatogr. 10(6), 290-296. 

30. (a) J. P. Lorand and J. D. Edwards, Polyol complexes and structure of the benzeneboronate ion, 
J. Org. Chem. 24,169-11A (1959). (b) J. Yoon and A. W. Czamik, Fluorescent chemosensors 
of carbohydrates. A means of chemically communicating the binding of polyols in water 
based on chelation-enhanced quenching, / Am. Chem. Soc. 114(14), 5874-5875 (1992). 

31. J. C. Norrild and H. Eggert, Boronic acids as fructose sensors. Structure determination of the 
complexes involved using (l)J(CC) coupling constants, J. Chem. Soc, Perkin Trans. 2(12), 
2583-2588 (1996). 

32. Y. Nagai, K. Kobayashi, H. Toi and Y. Aoyama, Stabilization of sugar-boronic esters of 
indolylboronic acid in water via sugar indole interaction - a notable selectivity in 
oligosaccharides. Bull Chem. Soc. Japan 66(10), 2965-2971 (1993). 

33. A known method for the determination of resorcinarene x^K^ values in a mixed aqueous 
solvent system (H.-J. Schneider, D. GUttes, U. Schneider, Host guest chemistry. 15. Host guest 
complexes with water-soluble macrocyclic polyphenolates including induced fit and simple 
elements of a proton pump, J. Am. Chem. Soc. 110(19), 6449-6454 (1988).) more appropriate 
for potentiometric titrations was applied to colored solutions of 2a and 3 with and without 
added fructose. Unfortunately, solubility problems precluded us from obtaining p^a data via 
this method 

34. Review: B. Herbreteau, Review and state of sugar analysis by high-performance liquid-
chromatography, Analusis 20(7), 355-374 (1992). 

35. Reviews: (a) S. Honda, Postcolunm derivatization for chromatographic analysis of 
carbohydrates, J. Chromatogr. A 720(1-2), 183-199 (1996). (b) S. Honda, High-performance 
liquid chromatography of mono- and oUgosaccharides, Anal. Biochem. 140(1), 1-47 (1984). 



GENESIS OF FLUOROPHORE FORMATION 45 

36. For example: K. Mopper, R. Dawson, G. Liebezeit, and H. P. Hansen, Borate complex ion 
exchange chromatography with fluorimetric detection for determination of saccharide 
ethylenediamine, Ana/. Chem. 52(13), 2018-2022 (1980). 

37. S. Miljanic, Z. Cimerman, L. Frkanec, M. Zinic, Lipophilic derivative of rhodamine 19: 
characterization and spectroscopic properties. Anal. Chim. Acta 468(1), 13-25 (2002). 

38. T. D. James and S. Shinkai, Artificial receptors as chemosensors for carbohydrates. Top. Curr. 
Chem. 218, 159-200 (2002). (b) W. Wang, X. Gao and B. Wang, Boronic acid-based sensors, 
Curr. Org. Chem. 6(14), 1285-1317 (2002). 

39. I. MacDonald, Diet and human atherosclerosis carbohydrates. Adv. Exp. Med. Biol. 60, 57-64 
(1975). 

40. A. W. Thorbum, L. H. Storlein, A. B. Jenkins, S. Khouri and E. W. Kreagen, Fructose-
induced invivo insulin resistance and elevated plasma triglyceride levels in rats. Am. J. Clin. 
Nutr. 49(61 1155-1163(1989). 

41. (a) H. F. Bunn and P. J. Higgins, Reaction of monosaccharides with proteins - possible 
evolutionary significance, Science 213, 222 (1981). (b) A. C. Burden, Fructose and misleading 
glycosylation data. Lancet 2(8409), 986-986 (1984). (c) G. Suarez, R. Rajaram, A. L. Oronsky 
and M. A. Gawinowicz, Nonenzymatic glycation of bovine serum albumin by fructose 
(fructation). Comparison with the Maillard reaction initiated by glucose, J. Biol. Chem. 264(7), 
3674-3679(1989). 

42. B. R. Pettit, G. S. King and K. Blau, The analysis of hexitols in biological fluid by selected ion 
monitoring, Biomed. Mass Spectrom. 7(7), 309-313 (1980). 

43. E. Pitkanen and T. Kanninen, Determination of mannose and fructose in human plasma using 
deuterium labeling and gas chromatography/mass spectrometry, Biol. Mass Spec. 23(9), 590-
595(1994). 

44. Reviews: (a) H. A. Bardelmeijer, J. C. M. Waterval, H. Lingeman, R. van't Hof, A. Bult and 
W. J. M. Underberg, Pre-, on- and post-column derivatization in capillary electrophoresis, 
Electrophoresis, 18(12-13), 2214-2227 (1997). (b) J. M. LoGuidice and M. Lhermitte, HPLC 
of oligosaccharides in glycobiology, Biomed. Chromatogr. 10(6), 290-296 (1996). 

45. Reviews: (a) E. M. J. Schutter, J. J. Visser, G. J. Vankamp, S. Mensdorffpouilly, W. Vandijk, 
J. Hilgers and P. Kenemans, The utility of lipid-associated sialic-acid (lasa or Isa) as a serum 
marker for malignancy - a review of the literature, Tumor Biol. 13(3), 121-132 (1992). (b) J. 
Roth, Cellular sialoglycoconjugates - a histochemical perspective, Histochemical J. 25, 687-
710 (1993). (c) A.Kobata, Glycobiology - an expanding research area in carbohydrate-
chemistry, Ace. Chem. Res. 26(6), 319-324 (1993). (d) G. Reuter and H.-J. Gabius, Biol. Chem. 
Hoppe-Seyler 377(6), 325-342 (1996). 

46. (a) R. Schauer, S. Kelm, G. Rerter, P. Roggentin and L. Shaw, in: Biology of the Sialic Acids, 
edited by A. Rosenberg (Plenum, New York, 1995), pp. 7. (b) Y. Nagai and M. Iwamori, in: 
Biology of the Sialic Acids, edited by A. Rosenberg (Plenum, New York, 1995), pp.197. 

47. L. Warren, The thiobarbituric acid assay of sialic acids, J. Biol. Chem. 234(8), 1971-1975 
(1959). 

48. L. Svennerholm, Quantitive estimation of sialic acids: II. A colorimetric resorcinol-
hydrochloric acid method, Biochim. Biophys. Acta, 24, 604-611 (1957). 

49. T. Hikita, K. Tadano-Aritomi, N. Tanaka, H. Toyoda, A. Suzuki, T. Toida, T. Imanari, T. Abe, 
Y. Yanagawa and I. Ishizuka, Determination of A^-acetyl- and A^-glycolylneuraminic acids in 
gangliosides by combination of neuraminidase hydrolysis and fluorometric high-performance 
liquid chromatography using a GM3 derivative as an internal Standard, Anal. Biochem. 281(2), 
193-201 (2000). 

50. R. L. Mattoo and S. Roseman, Quantitative determination of sialic acid in the 
monosialoganglioside, GMl, by the thiobarbituric acid method, Anal. Biochem. 246(1), 30-33 
(1997). 

51. (a) M. Takeuchi, S. Yoda, T. Imada and S. Shinkai, Chiral sugar recognition by a diboronic-
acid-appended binaphtyl derivative through rigidification effect. Tetrahedron 53(25), 8335-
8348 (1997). (b) M. Takeuchi, T. Mizuno, H. Shinmori, M. Nakashima and S. Shinkai, 
Fluorescence and CD spectroscopic sugar sensing by a cyanine-appended diboronic acid probe, 
Tetrahedron, 52(4), 1195-1204 (1996). 

52. O. Rusin, O. Alpturk, M. He, J. O. Escobedo, S. Jiang, F. Dawan, K. Lian, M. E. McCarroU, I. 
M. Warner and R. M. Strongin, Macrocycle-Derived functional xanthenes and progress 
towards concurrent detection of glucose and fructose. / Fluoresc. 14(5), 611-615 (2004). 



TWO-COMPONENT OPTICAL SUGAR SENSING 
USING BORONIC ACID-SUBSTITUTED 

VIOLOGENS WITH ANIONIC FLUORESCENT 
DYES 

Modulated quenching with viologens as a method for 
monosaccharide detection 

David B. Cordes, Jeff T. Suri, Frank E. Cappuccio, Jason N. 
Camara, Soya Gamsey, Zach Sharrett, Praveen Thoniyot, Ritchie 
A. Wessling, and Bakthan Singaram* 

3.1. INTRODUCTION 

The design and synthesis of chemosensors for biologically important 
molecules has developed into a major research area. Progress has been driven 
by advances in the analytical capabilities of biologists and chemists and from 
medical professionals whose practices lay increasing emphasis on accurately 
monitoring a patient's biochemical balance. In particular, medical providers are 
interested in the accurate and real-time measurement of blood glucose levels for 
diabetic patients. The shortcomings of existing glucose detection methods 
available to both patient and clinician have inspired the development of many 
new glucose sensing strategies over the past fifteen years. Many of these are 
fluorescence-based systems that rely on the use of glucose oxidase. A large 
number of non-enzymatic glucose sensing systems, however, have also been 
developed.^ Many of these non-enzymatic systems rely on a signal derived 
from the modulated emission of a fluorophore. Such modulation can be made 
to occur upon glucose binding to a boronic acid receptor. 

The impetus for boronic acid-derived glucose detection systems derives 
from the pioneering work of Yoon and Czamik. In the early I990's, these 
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workers reported the first scientific study in which a boronic acid receptor was 
combined with fluorescence reporter to act as a glucose sensor? In this initial 
sensor configuration, a boronic acid was directly attached to an anthracene 
fluorophore. Saccharide binding causes a change in the geometry and 
electronics of the boron resulting in a diminished fluorescence emission. 
Additional glucose sensing systems, such as those prepared by Suenaga and co­
workers,̂ "^ also relied on this configuration by directly attaching boronic acid 
receptors to common fluorophores such as stillbene, pyrene, and naphthalene. 
Other workers have had success with variations on this basic theme by attaching 
a boronic acid receptor to a fluorescent dye via a linker arm. In these systems, 
glucose binding can cause a fluorescence modulating process, such as 
photoinduced electron transfer (PET), to be enhanced or interrupted. The 
classic example of such a system is that developed by Shinkai and coworkers, 
who attached a boronic acid receptor to an anthracene fluorophore by way of an 
amine linker.^' ^ In the absence of saccharide, the amine is able to quench the 
anthracene fluorescence through what is believed to be a PET mechanism. 
When sugar binds to the boron, however, the Lewis acidity of the boron is 
increased, causing it to coordinate to the amine nitrogen, thereby deactivating 
the PET mechanism. Thus, the fluorescence intensity increases as a function of 
glucose concentration. Numerous clever variations have been made on this 
sensing motif. 

From a system design point-of-view, the practice of coupling the 
modulation of fluorescence quenching with glucose binding to a boronic acid 
has been exploited for some time, but these systems relied exclusively on the 
use of a single sensing moiety containing both receptor and fluorophore. Our 
approach to monosaccharide sensing, however, has relied on a two-component 
design in which the fluorophore is quenched by a physically separate boronic 
acid-substituted viologen receptor. Monosaccharide binding to the boronic acid 
of the viologen diminishes the efficiency with which the fluorescence emission 
is quenched. Thus, the intensity of fluorescence emission can be correlated with 
monosaccharide concentration. This two-component approach removes the 
synthetic difficulties associated with combining the fluorophore and receptor in 
a single sensor molecule and allows for considerable versatility in choosing 
each component. For example, the structure of the receptor can be modified to 
improve quenching ability or to provide selectivity for one monosaccharide 
over another without having to modify the structure of the dye. At the same 
time, fluorophore units can be interchanged without any synthetic modification 
of the receptor, making it possible to use numerous, commercially available 
fluorescent dyes. This is a considerable advantage of the two-component 
approach, since synthetic transformation can cause unwanted changes in the 
photophysical properties of the dye. A schematic representation of a typical 
one-component system is shown in Figure 3.1 A and our two-component 
system is given in figure 3.1 B. 

Our lab has pursued this two-component approach to glucose sensor design 
and explored the use of a variety of dye and quencher molecules in aqueous 
solution. We have generally designed our glucose sensors for in vivo 
applications. Accordingly, we have carried out most of our experiments at 
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physiological pH of 7.4 and in open air. As we continue to refine our system 
for medical applications, we are gradually adding physiological constraints to 
our experimental designs. We have also successfully immobilized our two 
sensing components in a thin film hydrogel to prepare a continuous glucose 
sensing system. Further, we have studied the mechanism responsible for the 
signal transduction. 

The following review follows, more or less chronologically, the 
progress of our research in the glucose sensing field over the past five years. 
The review is organized into five parts (Sections 3.2-6): 

3.2. Background and Illustration of Two-Component Glucose 
Sensing - Pyranine (HPTS) and a Boronic Acid-Substituted 
Viologen (o-BBV^'^) 

3.3. Variations in Viologen Quencher - Bipyridinium and 
Phenanthrolinium Quenchers 

3.4. Variations in Fluorescent Reporter - Sulfonamide Derivatives 
of HPTS 

^ ^ 

\ 

- ^ s . Q-F 

INITIAL 
FLUORESCENCE 

CHANGE IN 
FLUORESCENCE 

R= receptor Q=quencher F=fluorophore S=sugar 

\hv 

^ 

\ 

H<5)--0 ^ ^ m<s) 0 
LOW FLUORESCENCE HIGH FLUORESCENCE 

R= receptor Q=quencher F=fluorophore S=sugar 

Figure 3.1 A. One-component saccharide sensing system.B. Two-component saccharide sensing 
system. 
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3.5. Immobilization of the Sensing Components - A Glucose 
Sensitive Thin Film Hydrogel 

3.6. Summary and Future Directions 

Interested readers are encouraged to consult the original papers cited in this 
review for further details of the work. Several excellent, recent reviews of 
boronic acid-based fluorescent sensing systems are already available.^' ^ 
Therefore, citation of other work in this field is only made where it connects 
with our studies. 

3.2. BACKGROUND AND ILLUSTRATION OF TWO-COMPONENT 
GLUCOSE SENSING - PYRANINE (HPTS) AND BORONIC 
ACID-FUNCTIONALIZED VIOLOGEN (o-BBV^^ 

In our two-component saccharide sensing system, boronic acid-
functionalized viologen quenchers are used as the saccharide receptor unit.̂ "̂ ^ 
In this system, the viologen is first used to quench the fluorescence of the dye, 
then the fluorescence is recovered as glucose binds to the boronic acids and 
diminishes the quenching efficiency of the viologen. Viologens themselves are 
quatemized 4,4'-bypyridinium compounds, the most well-known of which is 
methylviologen (MV^^). 

2+ MV 

Viologens are characterized by their activity as good electron acceptors.^^ 
Although methyl viologen (MV "̂̂ ) is the most widely studied and most often 
utilized of these compounds, numerous viologens with different redox 
potentials have been prepared. Several excellent reviews of viologen chemistry 
are available.̂ " '̂̂ ^ Importantly, although viologens are by definition the salts of 
4,4'-bipyridinium,^^ several other bipyridinium and phenanthrolinium salts 
share many of the properties of the viologens. 

These electron accepting viologens and related heterocyclic, aromatic, 
nitrogen-containing compounds have been found to quench the luminescence of 
both simple dyeŝ "̂̂ ^ and macromolecular systems. ^̂ "̂ ^ The ability of these 
compounds to quench fluorescence stems at least partly from the fact that they 
contain two positive charges. The positive charges of the viologen facilitate two 
possible processes: electron transfer and Coulombic attraction. The relatively 
modest fluorescence quenching of an anionic dye molecule by nonionic 
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4,4'-dipyridyl follows simple Stem-Volmer kinetics and appears to occur 
exclusively through dynamic, or collisional quenching. Quenching with a 
cationic viologen, however, is dramatically enhanced as a result of electrostatic 
attraction. This results in static quenching through complex formation between 
dye and quencher.^^ Wang and co-workers have shown this to be the case in the 
fluorescence quenching of a water-soluble macromolecule, poly[5-methoxy-2-
(4-sulfobutoxy)-l,4-phenylenevinylene], with 4,4'-dipyridyl and 4,4'-
dipyridinium salts.^^ 

Research on glucose sensors based on boronic acid functionalized 
viologens was initiated in our laboratory in 1999. Our goal in this research was 
to design a fluorescence sensor that could operate under physiological 
conditions. In a breakthrough experiment carried out that year, the quenching 
efficiency of a boronic acid-functionalized viologen was shown to be reduced 
by binding to a diol. We determined that this change in quenching efficiency 
could be used in combination with a fluorescent dye to signal glucose. 

Recognizing the limitations of sensors in which the dye, quencher and 
receptor were combined in a single molecule, we chose to pursue the two-
component approach described earlier: one component being the fluorophore, 
the other a quencher to which a boronic acid receptor was attached. Among the 
various quenchers screened in the early stages of this project, viologens stood 
out as superior quenchers with the ability to quench the fluorescence of many 
dyes. 

Since the intent was to make an implantable sensor, much of the early work 
was done with polymeric components. However, the complexity of the system 
led us to conduct a parallel investigation of water soluble analogs which could 
more easily be studied in solution. The commercially available dye pyranine, 8-
Hydroxy-l,3,6-pyrenetrisulfonic acid trisodium salt, was selected as a reference 
dye for this work. Pyranine, hereafter HPTS, is a well-studied dye that has 
found use in numerous sensor applications,^^"^^ particularly in the studies of 
Wolfbeis and co-workers.̂ ^"^^ HPTS is a photostable, anionic and highly water 
soluble green-fluorescing dye with a quantum yield of nearly one. These 
characteristics made it an ideal dye for our studies. 

•o,s 

3Na+ 

•0.S 

pyranine (HPTS) 
-Hydroxy-1,3,6-pyrenetrisulfonic acid 

trisodium salt 
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While this research was in progress, Baptista and co-workers reported a 
study of complex formation between HPTS and methyl viologen (MV^^) in 
which process the fluorescence of HPTS was quenched.^^ They attributed the 
complexation to electrostatic attraction between cationic quencher and anionic 
dye and offered convincing absorbance data to support this explanation. Clarke 
and co-workers have observed similar complex formation between viologens 
and anionic porphyrin dyes.^^ This work suggested a mechanistic basis for our 
fluorescence-based glucose sensing system in which boronic acid receptors 
were attached to the viologen quencher. 

The key step in this sensing process is, of course, the binding of sugars by 
the boronic acids of the viologen quencher. Arylboronic acids are well known 
for their ability to reversibly bind monosaccharides.^^ Significant equilibria 
between arylboronic acid and generic diols are shown in scheme 3.1. 

We had hypothesized that the degree to which the fluorescence of a dye 
was quenched by the viologen could be modulated by glucose binding to 
boronic acids appended to the viologen. We began screening various quenchers 
and found that benzyl viologen (BV^^) quenched HPTS effectively (Figure 2). 

BV •2+ 

This result encouraged us to proceed with the synthesis of boronic acid 
substituted viologens beginning with 4,4'-A^,A^'-bis(benzyl-2-boronic acid)-
bipyridinium dibromide (o-BBV^^) and study their ability to quench HPTS. 
Synthetically, the preparation of 6>-BBV^̂  is very similar to that of benzyl 
viologen (BV^^) (Scheme 2).̂ ^ 

OH 

a"™ -' 
diol j ) H20 

HO OH/ 

^ 

higher pKa 

HpO 

â  OH 
^?^OH HO OH 

OH 

d id J H20 

lower pKa 

T" 
(JfoH 

H2O 

Scheme 3.1. Boronic acid equilibria for generic diols. 
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Scheme 3.2. Synthesis of o-BBV^^. For synthetic details see reference #10. 

Because neither the mono- nor the bis-boronic acid substituted viologen 
was expected to demonstrate selectivity for glucose we chose to study the bis-
boronic acid due to its expected ease of preparation and enhanced water 
solubility. Its ability to quench pyranine fluorescence was then investigated and 
found to be comparable to that of benzyl viologen (BV^^). 

In their study of the complexation between HPTS and MV^ ,̂ Baptista's 
group also noted that the Stem-Volmer analysis of this quenching often 
provided superlinear plots that were best explained by the operation of two 
independent quenching mechanisms. Generally, we have found that there 
appear to be two quenching mechanisms at work in nearly all of the viologen-
HPTS interactions we have studied. The primary contribution to fluorescence 
quenching is from a static quenching process in which a non-fluorescent ground 
state complex is formed between dye and quencher. A second process known as 
dynamic quenching occurs due to collisions between dye and quencher in which 
the fluorophore is deactivated through interaction with the colliding quencher 
molecule. ^ In our study we use Eq. 1 which has been developed based on a 
"sphere of action" quenching model^ '̂ "̂^ and which provides quenching 
constants for both static (Ksv) and dynamic (V) processes where Fo is the initial 
fluorescence and F is the fluorescence after addition of quencher. 

Fo/F = (l+Ksv[Q])e^f^^ (1) 

Comparison of quenching efficiency for B V^̂  and o-BBV^^ indicated that the 
addition of the boronic acids to o-BBY^^ had little effect on the quenching 
interaction. This similarity was not always observed in comparison of other 
viologens with their substituted analogues (See section 3.3.). The Stem-Volmer 
plots for MV2+, BV2+ and 0-BBV2+ are given in Figure 3.2. 

Having established the quenching ability of o-BBW^^, monosaccharide 
sensing was examined utilizing the o-BBV^^/HPTS system. Our first 
systematic optical sugar detection studies were done utilizing solutions of HPTS 
(1 X 10'̂  M) in pH 7.4 buffer that had been partially quenched with o-BBY^^. 
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Figure 3.2. Stem-Volmer plots of HPTS (1 x 10"̂  M) fluorescence quenched by • , BV^ 
and • , o-BBV'^ at pH 7.4. 

A,MV'^ 

2+ 

The molar ratio of quencher to dye was 30:1. Glucose was then added in small 
aliquots to achieve a range of concentrations from 0 to 1800 mg/dL (100 mM) 
(Figure 3.3). 

As seen in Fig. 3.3, addition of glucose to an aqueous solution of ĉ -BBV 
and HPTS led to a significant increase in fluorescence intensity, whereas 
B V ^ V H P T S showed no response. Thus, addition of 360 mg/dL glucose resulted 
in approximately a twofold signal increase.^ Fructose and galactose gave a 
fivefold and three-and-one-half fold increase in signal, respectively. The 
observed selectivity for fructose is in line with that observed for other 
monoboronic acid derivatives reported in the literature. Generally, the 
selectivity observed in monoboronic acid receptors tends to mirror the 33:3:1 
ratio of association constants for fructose, galactose, and glucose observed by 
Springsteen and Wang for simple phenylboronic acid."̂ ^ 

300 600 900 1200 1500 
[Saccharide] (mg/dL) 

1800 

Figure 3.3. Relative fluorescence emission of HPTS (1x10"^ M, X̂x = 461.8 nm, X^ = 511 nm); o~ 
BBV^^ (3x10^* M) system as a function of saccharide concentration in 0.1 ionic strength aqueous 
phosphate buffer pH 7.4 (•, fructose; • , galactose; • glucose; x, glucose (o-BBV^^replaced with 
BV^^ (BxlO""* M) to demonstrate lack of sensitivity without boronic acid functionality)). Note: 180 
mg/dL = 10 mM saccharide. 
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Figure 3.4. a) UV-vis absorption spectra of HPTS (I x 10"' M) - ; HPTS (1 x 10"' M) with o-BBV'^ 
(3x10"^ M) —; HPTS (1x10"^ M) with o-BBV^^ (3x10"' M) and fructose (1800 mg/dL) - . 
b) UV-vis absorption spectra of HPTS (1 x 10'^ M) - ; HPTS (1 x 10"̂  M) with o-BB V^̂  (3 x 10"' M) 
—; HPTS (lxl0~^ M) with o-BBV^^ (3x10"' M) and glucose (1800 mg/dL) --. 

Our Studies also found that the combination of viologens with HPTS 
caused a non-fluorescent complex to form. Baptista saw evidence for this 
complexation in the UV-visible absorbance spectra and we saw similar changes 
in the absorbance spectra as pyranine was quenched with o-BBV^^ (Figure 3.4). 

At pH 7.4, both of the distinctive absorbance bands at 404 and 454 nm are 
diminished as quencher is added. Simultaneously, a new absorbance band, that 
of the putative complex, appears at -438 nm. Significantly, as sugar was added 
and the fluorescence emission recovered, the sugar binding event appeared to 
effect a dissociation of the complex and a return to the uncomplexed state as 
evidenced by changes in the absorbance spectra. In the case of fructose (Figure 
3.4 a), the return to the initial uncomplexed pyranine spectrum appears nearly 
quantitative. With glucose (figure 3.4 b), however, where the binding is 
expected to be considerably weaker than with fructose, the original spectral 
pattern is only partly recovered. This indicates a smaller equilibrium population 
of the ester form of the boron in glucose solution relative to a fructose solution 
of the same concentration. 

When conducting quenching or sugar sensing studies in our system we 
have observed that changes in the fluorescence emission are generally 
paralleled by changes in the UV-visible absorbance spectra of the fluorescent 
reporter. The correlation we have found between the absorbance and 
fluorescence data is consistent with tight complex formation between quencher 
and dye. The presence of isosbestic points in the absorbance spectra of HPTS 
at 412 and 450 nm during titration with o-BBY^^ are strongly indicative of a 
single complex being formed between the dye and the quencher with what we 
speculate is 1:1 stoichiometry (Figure 3.5). 
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This dissociation between dye and quencher that occurs when 
monosaccharide is added appears to be the resuh of electronic and/or steric 
changes that take place in the viologen receptor upon monosaccharide binding. 
We hypothesize that these changes cause a diminished electrostatic attraction 
between quencher and dye resulting in a fluorescence increase. The putative 
general sensing mechanism is represented in scheme 3.3 with the viologen 
quencher 6>-BBV^̂ . 

To summarize, we developed a glucose sensing system in which signal 
transduction derives from two separate reversible complexation reactions. The 
first is complexation of a fluorescent dye with a viologen which quenches the 
fluorescence. The second is the binding of the sugar with the boronic acid 
receptor of the viologen which causes the initial dye:quencher complex to 
dissociate and fluorescence emission to recover. It is essentially a system based 
on competitive binding. Additional studies were undertaken to explore the 
mechanistic details of our sensing system and to optimize signal strength and 
glucose sensitivity in the physiological range. The next series of studies were 
carried out on quencher variations. 

3.3. VARIATIONS IN VIOLOGEN QUENCHER - BIPYRIDINIUM AND 
PHENANTHROLINIUM QUENCHERS 

2+ 

After our initial work with 6̂ -BB V , the use of the meta- and para-boronic 
acid substituted analogues was investigated. Since our initial report in 2002, 
Lakowicz and coworkers made use of the /?(2ra-substituted derivative in a 
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Scheme 3.3. General sensing scheme illustrated with HPTS and o-BBV 

two-component glucose sensing system to provide amplified quenching of the 
fluorescence of an anionic poly(phenylene ethynylene) dye.̂ ^ The relative 
fluorescence increase obtained on addition of glucose to this quenched 
fluorophore was quite large. For our own studies, the syntheses of these 
compounds were achieved in the same manner as the orr/zo-substituted 
compound as shown in Scheme 2. We were interested in the effects that these 
changes would have on both quenching and sugar sensing. First, the ability m-
BBV^^ and/?-BBV^^ to quench HPTS fluorescence was evaluated (Figure 3.6). 
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Figure 3.6. Stem-Volmer plots of HPTS (4 x 10"̂  M) fluorescence quenched by o-BBV^\ m-BBV^^, 
p-BBV^^ in pH 7.4 buffer. 

As indicated in figure 3.6, we found only minor differences in 
quenching efficiency for these three bipyridinium quenchers with the para-
substiuted viologen providing the best results followed by meta- and then ortho-
substituted BBVs. Interestingly, we found similar changes in the UV-vis 
spectra when each of these quenchers was used, indicating that formation of a 
non-fluorescent complex was a general phenomenon. In each case, however, 
the perturbation of the spectra and absorbance maxima of the quencher:dye 
complex was slightly different, suggesting that the substitution pattern on the 
viologen quencher directly affects the nature of the complex in a significant 
way. Such differences are evident in comparing the absorbance spectra of HPTS 
as it is titrated with o-BBV "̂̂  and m-BBV^^ (Figure 3.7). 

a) b) 

tn«r«»iik>9 [m -SSV*^ 
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Figure 3.7. a) UV-visible absorbance spectra of HPTS (1 x 10"̂  M) during titration with m-BBV^^; 
b) UV-visible absorbance spectra of HPTS (4 x 10^ M) during titration with o-BBV^^. Both 
titrations were performed in pH 7.4 phosphate buffer. 
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Figure 3.8. Glucose response of <9, m, and/7-BBV^^ in combination with HPTS (4 x 10"̂  M) at the 
same quencherrdye of ratio of 30:1 in pH 7.4 aqueous solution. Physiological glucose range is 
boxed. 

When these three compounds were tested for their response to glucose we 
found a fair degree of variation in the results, with o-BBV^^ giving the greatest 
signal. Surprisingly, this was the compound that had provided the weakest 
quenching among the three. The meta- and ortho-substituted viologens gave a 
smaller, but still significant response (Figure 3.8). 

Several important observations emerged from these quenching and sugar 
response experiments. First, in comparing structurally and electronically similar 
viologen-receptors, we realized that the best quencher in a series is not 
necessarily expected to have the best response to changes in saccharide 
concentration. In this study of ortho-, meta-, and p^ra-substituted compounds 
there was actually an inverse correlation between quenching efficiency and 
glucose sensing ability. Secondly, because the quenching and sugar sensing 
interactions are interdependent by virtue of their dependence on quencher 
concentration, the ratio of quencher-to-dye is a critical parameter. The 
relationship between a viologen-receptor's ability to both quench fluorescence 
and bind monosaccharides through optimization of the ratio between quencher 
and dye is among several areas of active research in our labs."̂ '̂ ^̂  
Monosaccharide binding studies were carried out using fructose and galactose 
as well, and no difference was observed with respect to the selectivity among 
the three variously substituted viologens. Instead they all demonstrated 
essentially the same selectivity as observed for simple phenylboronic acid. We 
had hoped that variation in the substitution pattern might provide the correct 
geometry for bidentate binding of the glucose. Such tailor-made spacing 
between boronic acid receptors to provide saccharide selectivity has been 
achieved by other groups in several one component systems.^' '̂ '^'^^ This 
approach is widely perceived as a promising way in which to achieve selectivity 
for a particular monosaccharide. In this regard, one of the difficulties 
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encountered when using bipyridinium compounds is the rotational freedom that 
exists between the two rings of bipyridinium itself. This rotation would be 
expected to allow continuous alteration in the distance between the two boronic 
acids making any cooperative binding between the two boronic acids very 
difficult. Certain related compounds, however, such as phenanthrolinium salts, 
possess a planar structure in which rotation is not allowed. Such compounds 
became attractive targets as the core for new viologen quenchers that could be 
substituted with boronic acids. 

In a study that caught our attention, Huenig and coworkers investigated the 
effects of extended conjugation in viologens, and reported the redox potentials 
of seventeen different A^-substituted heteroaromatic salts in water, DMF, and 
acetonitrile.^^ This study showed that extended conjugation via the addition of 
aromatic rings improved the electron-accepting ability of the viologens. Among 
the compounds studied were several phenanthrolinium salts. These three ring 
aromatic compounds were found to have good electron accepting abilities. One 
particular compound, A^,A^'-dimethyl-4,7-phenanthrolinium tetrafluoroborate 
gave a redox potential of -490 mV (vs AgCl) in water for a single electron 
transfer. This is significantly more positive than the value of -640 mV recorded 
for MV^ .̂ 

N,N'-dimethyl-4,7-phenanthrolinium 

While it appeared that 4,7-phenanthrolinium salts are better electron 
acceptors than bipyridium salts, we found only one report of a 4,7-
phenanthrolinium salt being used as a fluorescence quencher. Ihara and co­
workers used a porphyrin dye in combination with the chloride salt of N,N'-
dimethyl-4,7-phenanthrolinium to determine base mismatching in a DNA 
sequence.^^ In this study, the phenanthrolinium salt was thought to quench the 
fluorescence of the porphyrin via a photoinduced electron transfer mechanism. 
The ability of 4,7-phenanthrolinium salts to accept electrons and quench 
fluorescence prompted us to study the quenching ability of these compounds 
and compare them to our previously reported bipyridinium-based quenchers. 

We anticipated that as better electron acceptors, the phenanthrolinium-
derived viologens might show greater quenching. We were also interested in 
modifying the viologens by the attachment of a boronic acid group and 
determining how their quenching ability was modulated in the presence of 
monosaccharides. Thus, we prepared A^,A/^'-bisbenzyl-4,7-phenanthrolinium 
dibromide (PV̂ "*̂ ), Â  -(benzyl-2-boronic acid)-4,7-phenanthrolinium bromide 
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Scheme 3.4. Synthesis of phenanthrolinium quenchers. Synthetic details are 
provided in supporting information of reference #10. 

(^-PBV^),andA/iA^'-bis(benzyl-2-boronic acid)-47 -phenanthrolinium dibromide 
((̂ -PBBV "̂*̂ ) (Scheme 3.4) and compared their ability to quench the fluorescence 
of pyranine and act as sugar sensors with that of the previously studied 
bipyridinium quenchers. 

The synthesis of the model compound PV^^ and the monosubstituted 
boronic acid phenanthrolinium o-PBV^ w êre achieved in good yield without 
significant difficulty. The bis-substituted compound, 6>-PBBV^̂ , however could 
only be obtained in pure form after reverse phase chromatography on a reaction 
mixture that contained both mono- and bis-substituted products. 

In our study of phenanthrolinium quenchers we also looked at the effect of 
solution pH. We studied the behavior of the quenchers at pH 3, 7.4, and 10 in 
combination with HPTS. HPTS is itself a pH sensitive dye and its spectral 
profile changes quite dramatically in the range around physiological pH. The 
ground-state p^a of the phenolic group in pyranine is 1.2?^' ^̂ ' ^̂  At pH 3, 
pyranine is entirely in its protonated POH form, while at pH 10 it exists in its 
unprotonated form PO" (Scheme 3.5). 
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Scheme 3.5. HPTS in its acid (POH) and base (PO) equilibrium forms. 

At pH 7.4 HPTS exists as a mixture of two different species, denoted as 
POH and PO", giving rise to the 404 and 454 nm bands, respectively. Figure 3.9 
shows the absorbance of pure pyranine at pH 3, 7.4, and 10. At pH 7.4, two 
distinct absorption bands are apparent in the blue region, one at 404 nm and the 
other at 454 nm. 

As mentioned earlier, it was reported that HPTS reacts reversibly with 
MV̂"*̂  to form a ground state complex observable by UV-visible spectroscopy.^^ 
As described in section 3.2, HPTS also forms a ground state complex with our 
bipyridinium quenchers. This suggested that we were likely to observe a similar 
interaction between HPTS and the new phenanthrolinium quenchers. Figure 
3.10 shows the changes in HPTS absorbance at pH 7.4 as the dye was titrated 
with viologens PV^^ and o-PBBV^"". 

360 Zm 400 420 440 460 480 SC© 

Figure 3.9. UV-visible absorbance spectra of HPTS (4 x 10"̂  M) at pH 3 (light solid line), pH 7.4 
(bold solid line), and pH 10 (dashed line). 
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Figure 3.10. UV-visible absorbance spectra of HPTS (4 x 10'̂  M) with increasing amounts of a) 
PV^^ b) o-PBBV^^ in a pH 7.4 phosphate buffer. 

As was anticipated, significant changes occurred in the POH and PO' bands 
of the absorption spectra as HPTS was titrated with the phenanthrolinium 
quenchers. For PV̂"*̂  and o-PBBV^^ a decrease in the 404 nm band is apparent. 
For PV^^ an isosbestic point is observed at 434 nm, for o-PBBV^^ one is 
observed at 416 nm. 

To gain a better understanding of the perturbed spectra, experiments were 
carried out at pH 3 and 10 as well as pH 7.4. At pH 3, addition of each of the 
phenanthrolinium quenchers caused changes in the UV spectra of HPTS that 
were consistent with complex formation between dye and quencher. At pH 10, 
however, only the non-functionalized phenanthrolinium PV^^ appeared to form 
a complex with HPTS. This is consistent with a model of charge induced 
sensing as depicted in scheme 3. That is, at pH 3 all the phenanthrolinium 
quenchers are expected to have a net charge of 2+ and thus maintain an 
electrostatic attraction for the anionic dye. When the pH is raised to 10, 
however, the boronic acids convert to their anionic "ate" configuration. Thus at 
pH 10, boronic acid substituted quenchers such as the bipyridinium o-BBV^^ 
and phenanthrolinium o-PBBV^^ would exist in their neutral, zwitterionic form. 
In this state they do not appear to possess a strong attraction for anionic HPTS 
as evidenced by the unchanged absorbance spectra during titration (Figure 3.11). 

On the other hand, PV^^, which is unsubstituted, should still have a net 
charge of 2+ at pH 10. Thus, even at high pH, it will maintain an electrostatic 
attraction for HPTS and, indeed, complex formation is strongly suggested by 
the UV-visible spectra. Association constants were determined for complex 
formation between quenchers and HPTS at each of the three pH levels studied. 
Association constants were calculated using Benesi-Hildebrand^^ plots for each 
derivative at the different pHs and assuming 1:1 binding stoichiometry 
(Table 3.1). 
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Figure 3.11. UV-visible absorbance spectra of HPTS (4 x 10'̂  M) with increasing amounts of a) 
PV^\ b) o~PBBW^\ and c) o-BBV^^ in a pH 10 carbonate buffer. 

Table 3.1. Association Constants (Ks) Determined for HPTS (4 x 10'̂  M) 
complexed with PV "̂̂ , o-PBBV^^, and o-BBV "̂̂  at different pH levels. 

o-BBV'* 

o-PBBV'* 

P V * 

pH3 

^,(10'M') 

4.9 + 0.3 

7.7 ± 0.5 

7.7 ± 0.6 

pH7.4 

^3(10'M') 

1.6 ±0.2 

3.1 ±0.5 

6.0 ±0.7 

pHlO 

KjiW M') 

0 

0 

4.6 ± 0.8 

r2+ 72+ We investigated the ability of PV "̂" and o-PBBV^"" to quench the 
fluorescence of HPTS under steady-state conditions. At pH 3 and 7.4, 
significant fluorescence quenching occurred for both compounds. At pH 10 a 
significant amount of quenching is apparent with PV^^; however, this is not the 
case for the boronic acid-substituted derivatives, which show a large decrease in 
the quenching. Stem-Volmer plots of quenching at pH 7.4 and pH 10 are shown 
for comparison in Figure 3.12. The static and dynamic constants are 
summarized in Table 3.2. 
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Figure 3.12. Stem-Volmer plots of HPTS (4 x 10'̂  M) with increasing amounts of PV^^ o-PBBV^ 
and o-BBV^^ at a) pH 7.4, and b) pH 10, X^ = 510 nm. 

Table 3.2. Static (Kg) and Dynamic (V) Quenching constants of the Viologens 
PV^^ O'FBBV^^, and ^-BBV^^ with HPTS (4 x 10"̂  M) in buffered 0.1 Ionic 
Strength Solutions at Different pH Levels. For complete results, including 
those at pH 3, see reference #10. 

o-BBV'* 

o-PBBV'* 

PV* 

pH 

A:.(10'M') 

1.6 + 0 

4.9 ± 0 

8.6 ± 0.5 

7.4 

V(IO'M') 

2.1+0 

0.5 ± 0 

1.1±0 

pH 

A:.(IO*M') 

0 

0 

11±0 

10 

VCIO-M') 

0.076 ± 0.001 

0.4 + 0.1 

1.010.1 

As described in the previous discussion, there is a loss of electrostatic 
attraction of these compounds for HPTS at high pH when boron develops a 
negative charge. This situation results in no static quenching and corresponds to 
what is observed in the UV-visible data, that is, the lack of complex formation. 
Because no shift in m̂ax was observed in the excitation spectra of pyranine upon 
the addition of the quencher (data not shown), the fluorescence is solely due to 
the population of uncomplexed fluorophores.^^ 

As predicted according to our mechanistic hypothesis, we found that the 
quenching efficiencies of the phenanthrolinium viologens were diminished by 
addition of even a small amount of glucose. Glucose was added to a dye 
solution to provide a concentration of 5 mM glucose, then the fluorescence was 
quenched with the phenanthrolinium compound. The quenching observed in 
the presence of glucose was then compared to that in the absence of glucose 
(Figure 3.13). 
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Figure 3.13. Stem-Volmer plot of HPTS (4 x 10"̂  M) with o-PBBV^^ and o-BBY^^ with and 
without 5 mM glucose in a pH 7.4 phosphate buffer. X̂x = 470 nm, Xem =510 nm. 

Identical behavior had been observed with ĉ -BBV^̂ , but the difference in 
quenching efficiency between o-PBBV^^ with and without glucose present was 
considerably larger than in the case of o-BBV^^. This led us to expect a large 
glucose response when using the phenanthrolinium compounds to measure 
changes in glucose solution. 

Based on the observed glucose sensitivity of our 4,7-phenanthroline-
derived viologen quencher, o-PBBV^^, we had expected that it would provide a 
strong signal in response to changes in glucose concentration across the 
physiological range. To determine the effect of glucose on the quenching ability 
of viologens, titrations of HPTS were carried out with o-PBBV^^ and o-BBV^^ 
at pH 7.4 in the presence of glucose. In order to obtain maximum glucose 
sensitivity, however, we first had to determine the optimal dye-to-quencher 
ratio. 

Early in our studies we had found that a potential benefit of the two-
component system was the ability to vary the ratio of quencher-to-dye in order 
to optimize the magnitude of the sensing response. Initially, we arrived at an 
optimal quencher-to-dye ratio by comparing fluorescence emission of a 
quenched solution of HPTS in the absence of glucose with that observed in the 
presence of 5 mM glucose.^^ The difference between these two was then taken 
as a percentage of normal unquenched fluorescence emission of HPTS to give a 
"percent recovery". 

Using this method, it was determined that maximum fluorescence recovery 
occurred for o-VBBY^^ at a quencher-to-dye ratio of 18:1. The Job-type plot 
used to make this determination plots quencher-to-dye ratio against 
fluorescence recovery of the original HPTS emission in the presence of 5 mM 
glucose (figure 3.14). 
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Figure 3.14. Percent fluorescence recovery of HPTS (4 x 10'̂  M) in the presence of glucose (5 mM) 
upon the addition of different concentrations of o-PBBV^^ in pH 7.4 buffer . K^ = 470 nm, Xcm = 
510nm. 

Using the ratios determined from these studies, we carried out the 
monosaccharide binding studies. As suggested by the quencher-to-dye ratio 
study, the strongest signal was observed for 6>-PBBV^̂  which gave a large 
fluorescence recovery for glucose across the physiological range compared to 
the monocationic o-PBV^. Binding curves from these studies are given in 
figure 3.15 and apparent saccharide binding constants from this data are given 
in table 3.3. 

3 e t 12 S 10 15 20 

Figure 3.15. Percent fluorescence recovery of HPTS (4 x 10'̂  M) in the presence of quencher and 
upon the addition of different monosaccharides: a) HPTS/o-PBBV^^ and b) HPTS/o-PBV^ in pH 7.4 
buffer. Xex = 470 nm, Km =510 nm. 
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Table 3.3. Apparent monosaccharide binding/association constants (KA) 
determined for ^-PBBV^^, and 6>-PBV^ from fluorescence data. Data from o-
BBV^^ is included for comparison. 

o-BBV'* 

o-PBBV'* 

o-PBV'* 

Fructose 

KA^") 

2600 ±100 

3300 ± 200 

2500 ± 200 

Glucose 

K.QA') 

43 + 3 

18001200 

1000 + 200 

Galactose 

KJM') 

167 ± 4 

1600+100 

600 + 90 

With regards to binding selectivity determined from the apparent binding 
constants, while o-BBV "̂̂  demonstrated selectivity in the commonly observed 
binding order of fructose > galactose > glucose,^^' "̂^ the binding order for o-
PBBV "̂  is fructose > glucose > galactose. The binding constant of o-PBBV^^ 
for fructose is approximately only twice that of glucose. The structural 
differences between o-BBW^^ and o-PBBV "̂̂  may play a part in their relative 
abilities to bind glucose. For example, as discussed earlier, the spacing between 
the bisboronic acids in ĉ -PBBV "̂̂  may lead to cooperative binding, where two 
boronic acids bind to one glucose molecule. To probe the binding mode of o-
PBBV̂ "*̂ , we carried out studies with the monoboronic acid derivative o-PBV^. 
The binding constants of o-PBV^ were approximately half those of o-PBBV^^, 
consistent with only possessing half the number of binding sites. The selectivity 
of 6>-PBV^ was found to be in the same order as 6>-PBBV^̂ , though with a 
greater preference for fructose than in the bis-boronic compound. These results 
indicate that the observed selectivity for glucose over galactose in o-PBBV^^ 
may derive from the combination of properly spaced boronic acids perhaps 
involved in cooperative binding. The results obtained for o-PBBV^^ are 
unusual in that the relative fluorescence intensity change is not proportional to 
the binding constant^^ and may indicate that the bisboronic acid in o-FBBY^^ 
binds cooperatively with glucose. 

Besides structural differences, the difference in the binding affinities 
between the boronic acid-derived quenchers can be partially explained by the 
difference in the pA'a's of the boronic acids. For example, o-BBW^^ has an 
apparent pA'a of 8.8, as determined by ^̂ B NMR, making the formation of the 
boronate complex with glucose unfavorable at pH 7.4. By comparison, the 
apparent p^a of (9-PBBV^^ is 7.6, giving rise to a more favorable binding at pH 
7.4 and, as a result, a larger binding constant. The effect of boronic acid pKa on 
monosaccharide binding is an area of active research for many workers in the 
field and our own studies on this important parameter are continuing. 
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The study of phenanthrolinium quenchers was one of the first to 
demonstrate the generality and versatility of our system. Encouraged by this 
study and our freedom to substitute one viologen for another, we focused on 
preparing a quencher for our sensing system that could be copolymerized or 
otherwise immobilized in a sensing polymer. We are ultimately interested in 
preparing a sensing system that can be immobilized in some biocompatible 
polymer matrix that is permeable to glucose. Thus, the synthesis of 
polymerizable boronic acid-substituted phenanthrolinium monomers was 
explored, however, synthesis of these compounds initially proved challenging. 
In contrast, the polymerizable analogs of the boronic acid-substituted 
bipyridinium compounds were found to be more readily obtained for use in our 
sensing systems. Before immobilizing any components in a polymer matrix, we 
ordinarily carry out solution studies first for comparison with other compounds. 
These solution studies are reported below, while the use of these compounds in 
polymeric form is described in section 3.5. 

Polymeric viologens composed of 4,4'-dipyridinium units are widely 
reported in the literature. The viologen moieties have been incorporated into 
polymers as part of the main chain,̂ '*'̂ ^ or as pendent groups,̂ '̂̂ "̂  and have also 
been incorporated as crosslinkers.^^ Previously it had been shown in our 
laboratory that boronic acid functionalized viologens with polymerizable groups 
could be prepared in a two-step process.^^ Thus, m-SBV^^, the first 
polymerizable viologen monomer that was studied in detail, was prepared by 
treatment of 4,4'-dipyridyl with 4-vinylbenzyl chloride and subsequent reaction 
with 3-bromomethylphenylboronic acid. 

B(0H)2 

IT>SBV2+ 

This compound contains all the properties it needs in order to function as a 
receptor-quencher. In addition it is polymerizable. However, it only contains 
one boronic acid, and our preliminary studies indicated that it had lower glucose 
sensitivity compared to the bisboronic acid substituted analog m-BBV^ .̂̂ ^ This 
difference in glucose sensing between mono- and bis-boronic acid substituted 
compounds was also obvious in the case of 0-PBV^ and o-PBBV^^ in which 
case the mono-substituted compound had a fluorescence recovery that was only 
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Scheme 3.6: Synthesis of BP"̂ .̂ Synthetic details are provided in reference #11. 

-1/10 that of the bis-substituted compound upon addition of glucose. The weak 
response of m-SBV^^ inclined us towards pursuing a bis-boronic acid 
substituted bipyridinium quencher that could be immobilized in a hydrogel 
polymer. To this end, the bipyridinium called BP"̂ ^ was prepared (Scheme 3.6). 

Stem-Volmer quenching studies and glucose response studies were carried 
out with BP4+ and HPTS in pH 7.4 solution and the results are given in 
Figure 3.15. 
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Figure 3.16: (a) Stem-Volmer Plot of HPTS (4x10^ M) showing the quenching efficiency of BP"* 
>.ex= 470 nm and Km= 510 nm; (b) Relative fluorescence intensity of HPTS (4x10"^ M) with BP"* 
(4x10"^ M) and increasing [glucose]. 
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The Stem Volmer quenching constants for BP"*̂  were determined to be Kg = 
130,000 M'̂  and V= 31,000 M"^ and the apparent glucose binding constant was 
K = \51 M"̂  at a quencher-to-dye ratio of 10:1.^^ The quenching by this 
polymerizable bisboronic acid quencher, BP"̂ ,̂ was quite impressive when 
compared to all the other quenchers studied thus far. The static quenching 
constant of 130,000 M'̂  is nearly twice that of the phenanthrolinium o-PBBV^^ 
and nearly ten times that of the bipyridinium o-BBV "̂̂  {K, = 16,000 M" )̂. We 
believe that the simple addition of the two extra positive charges significantly 
enhances the electrostatic attraction of the quencher for the anionic dye. This 
provides for more efficient quenching since it renders a greater percentage of 
the fluorophores non-fluorescent through complexation. The results of the 
initial glucose sensing experiment with BP"̂ ,̂ which was performed at the less 
than optimal quencher-to-dye ratio of 10:1, showed moderate glucose 
sensitivity with a signal stronger than that of m-SBV^^ but considerably weaker 
than observed in 6>-PBBV^̂ . Importantly, however, BP"̂ ^ provided us with a 
very satisfactory quencher monomer for immobilization in a sensing hydrogel 
polymer. 

3.4. VARIATIONS IN FLUORESCENT REPORTER - SULFONAMIDE 
DERIVATIVES OF HPTS 

While studies were being conducted on quenchers, parallel experiments 
were performed to optimize the fluorescent dye component. In our early studies 
all of the dyes used were derivatives of our model compound, HPTS. Since we 
were interested in immobilizing our anionic fluorescent component, many of 
our very earliest studies were directed towards methods for attaching 
polymerizable groups to the HPTS core without causing disadvantageous 
changes in the photophysical properties of the dye. 

We soon found that simple addition of a polymerizable group, such as 
methacryl, to HPTS through flinctionalization of the phenol group would not 
suit our needs. The preparation of test compound HPTS Ac by treatment of 
HPTS with acetic anhydride and a catalytic amount of NaOAc for 48 h gave the 
product in high yield. ̂ ^ 

• O . S 

3Na-̂  

"O3S ^ ^ SOg" 

HPTSAc 
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When we tested the photophysical properties of this acetate, however, we 
found that substitution at the phenol had completely removed the absorbance 
band at 454 nm associated with the phenolate, or PO" form. The behavior of 
HPTSAc was not entirely unexpected as the methoxy substituted analogue of 
HPTS, methoxypyrene trisulfonic acid (MPTS), also has its absorbance 
maximum at fairly short wavelength of 404 nm. This required us to use a 
shorter wavelength of 416 nm rather than the usual 460 nm for fluorescence 
excitation of HPTSAc. As with HPTS itself, HPTSAc emission still occurs at 
510 nm. 

Since we were interested in using a longer wavelength for emission we 
decided to instead pursue the installation of polymerizable groups through 
substitution at the sulfonic acid position. In an approach modeled on that of 
Wolfbeis,^^ we planned to first convert the acids to their corresponding sulfonyl 
chlorides and then to attach the polymerizable groups through conversion of the 
sulfonyl chlorides to sulfonamides. This strategy was used to prepare a number 
of model compounds and polymerizable analogs several of which are indicated 
in Scheme 3.7. 

Though HPTS is commonly used in aqueous solution, a variety of 
techniques have been employed to immobilize it in one form or another. For 
example, it has been bonded to a water insoluble polyamine by direct reaction 
of the latter with a sulfonyl chloride intermediate.^^ HPTS also forms water 
insoluble complexes with cationic polyelectrolytes.^^ Finally, it can be rendered 

3Na 

R^HNOaS 

CIO2S ^ ^ SO2CI 

HPTS(CI)3 HPTS(sulfonamide)3 

'OCH3 
3 

HPTS(PEG)3 R=H, R^=R2=R3= V " ^ 0 \ ^ ( 

o 
HPTS(MA)3 R=H, R^=R2=R3= Y ^ ^ ^ ^ ^ N " Y ^ 

HPTS(COOH)3 R=H, R ^ = R 2 = R 3 = / \ / ^ V ^ ^ 
OH 

Scheme 3.7. HPTS trisulfonamide synthesis. Synthetic details are provided in 
reference #12. 
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water insoluble by amidation with a hydrophobic aminess or by forming a 
water insoluble salt with a hydrophobic quaternary ammonium counterion.^^ 

Because we needed to incorporate both dye and quencher in specific ratios 
as well as insure complete conversion to a hydrophilic trisulfonamide that 
would be resistant to leaching, none of these procedures was deemed suitable 
for our purposes. We chose instead to make a soluble polyethylene glycol 
derivative, HPTS(PEG)3, that could be immobilized in a semi-interpenetrating 
polymer network (semi-IPN). When HPTS(PEG)3 was used in conjunction with 
m-BBV^^ in solution studies it showed a weak quenching interaction when 
compared to the interaction between m-BBV^^ and HPTS. This is reflected in 
the more than ten-fold difference in the Stem-Volmer static quenching 
constants from m-BBV^^ quenching HPTS(PEG)3 iKs=750 M'̂ ) versus the same 
viologen quenching simple HPTS (Ks=S700 M'^). 

HPTS(PEG)3 was also tested for quenching and sugar sensing in 
combination with the phenanthrolinium compound m-PBBV^^ and its 
polymerizable monoboronic acid analogue m-PSBV^ .̂̂ ^ 

(HO)2B 

= / N-K /V-N ^—^ 

wi-PBBV^^ 

B(OH)2 (HO)2B 

m-PSBV^^ 

MeO' 

MeO, -o^^'hrfh O H n 

HPTS(PEG)3 

Addition of m-PSBV^^ to solutions of HPTS(PEG)3 resulted in moderate 
quenching and gave a linear Stem-Volmer plot where the static Stem-Volmer 
constant was found to be Ks = 1400 M'̂  (Figure 3.17a). For comparison, the 
bisboronic acid m-PBBV^^ provided a ^s of 2600 M'^ Interestingly, the 
quenching constant of m-PBBV^^ was found to be twice that of m-PSBV^^ 
perhaps indicating that m-PBBV^^ is a better electron acceptor. Furthermore, no 
ground state complex was observed when HPTS(PEG)3 was mixed with the 
different quenchers as determined by UV-visible measurements, indicating that 
the quenching occurs solely in the excited state (i.e., there is no static 
quenching). The failure of this non-ionic dye to form a complex is consistent 
with the charge induced sensing mechanism described in Scheme 3, though the 
polymeric nature of the dye may also be a factor. 
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Figure 3.17. a) Stem-Volmer plot of HPTS(PEG)3 with m-PBBV^^ and w-PSBV^^ in aqueous 
solution at pH 7.4. 
b) Relative fluorescence change of HPTS(PEG)3 (1 x lÔ ^ M) with m-PBBV^^ or m-PSBV^^(100 
mM)upon addition of glucose. X^x = 470 nm and Xem = 534 nm. 

Addition of glucose to solutions containing HPTS(PEG)3 and m-PSBV^^ 
resulted in a relative increase in fluorescence (Figure 3.17 b). The glucose 
binding constant for m-PSBV^^ was found to be roughly half that of m-PBBV^^ 
(14 + 3 M'̂  V. 25 + 3 M ^ respectively). From this data it appears that two 
boronic acids are better than one in the receptor-quencher. Further work on the 
use of HPTS(PEG)3 was abandoned when we observed that in some cases it 
appeared to be leaching out of IPN hydrogels in which we had hoped it had 
been immobilized. 

We then shifted our attention to immobilization of the sensing components 
through covalent bonds in a hydrogel matrix. This required the preparation of 
appropriate monomers, then combining these monomers with 
polyethyleneglycol-dimethacrylate (PEGDMA) and hydroxyethylmethacrylate 
(HEMA) to form a hydrogel through radical polymerization. The HPTS 
derivative HPTS(MA)3 was selected as the polymerizable dye. Unfortunately, 
many of our efforts to work with this compound in solution proved difficult as it 
possessed very poor water solubility. Although we later had limited success 
using it in a functional polymer, this experience convinced us of the need to 
include negative charges on our polymerizable sulfonamide dye monomers. 

To test this hypothesis, water-soluble model sulfonamide derivative 
HPTS(COOH)3 was synthesized (Scheme 7). HPTS(COOH)3 is a 
trisulfonamide like HPTS(MA)3, but like HPTS it can carry three negative 
charges on acid groups, dramatically improving its solubility in water. 
Quenching and glucose response studies with this compound were run in 
solution with m-BBV^^. The results in Figure 3.18 a) show that with the 
anionic HPTS(C00H)3 the quenching is more effective compared to 
HPTS(PEG)3 and is in fact comparable to HPTS itself. The Stem Volmer 
quenching constants for this negatively charged sulfonamide in combination 
with m-BBV^^ were determined to be K^ = 12,500 M"̂  and V = 660 M"̂  In 
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Figure 3.18. (a) Stem-Volmer Plot of HPTS(COOH)3 (1x10^ M) showing the quenching 
efficiency of m-BBV^^, (b) Relative fluorescence intensity of HPTS(COOH)3 (1x10^ M) with m-
BBV^^ (1 mM) and increasing [glucose]; X«x= 470 nm and X«ni= 515 nm. 

addition, there is a broad range of glucose response, with a fairly linear response 
over the biologically significant range (Figure 3.18 b). The apparent glucose 
binding constant was K=l M'\ 

These three test compounds suggested to us two absolutely essential 
characteristics for any dye that we wish to use in an immobilized system: These 
were: 

a) The dye must bear anionic groups. These provide both the desired 
water solubility for non-PEG dyes and also provide for greater 
electrostatic attraction and quenching interaction with the cationic 
viologen. 

b) The dye should have a polymerizable group such as vinyl, acryl or 
methacryl that can be used to immobilize it in a hydrogel matrix 
through free radical polymerization. 

An HPTS derivative was envisioned that contained polymerizable groups 
and negative charges. It was desirable to utilize the sulfonamide chemistry that 
was already established and somehow incorporate negative charges into the 
molecule. The synthesis of a suitable dye molecule was successfully carried out 
in our laboratory and is illustrated in Scheme 3.7. 

Formation of the sulfonamide was expected to lower the pKa of the dye's 
phenolic group. This is considered advantageous as it increases the fluorescence 
intensity by increasing the percentage of dye in its deprotonated form. This 
lowered pKa is also advantageous as it reduces the sensitivity to slight pH 
changes around the level of 7.4. Importantly, when they are directly attached to 
a fluorophore, the change from sulfonic acid to sulfonamide is also commonly 
accompanied by a red shift in both the absorbance and fluorescence emission 
maxima of the affected fluorophore. In the sulfonamide substituted compounds 
we prepared, we typically observed shifts of 10-30 nm for fully sulfonamidated 
derivatives. 
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HPTS(CI)3 

1. Boc-Lysine, NaOH 
THF-.CHgCN-.HaO 
RT, 24 h 

2. HCI, 88 % 

RHN 

RHN 

TFA 

38 i.\z HPTS{LysBoc)3: R=BOC, R'=Ac 

HPTS{Lys)3: R=H, R'=H 

methacryol chloride 
H2O, NaOH, RT, 1 h 

17% 

HPTS(Ly8MA)3: R'=H 

Scheme 3.7. Synthesis of HPTS(LysMA)3. Synthetic details are given in 
reference #11. 

For comparison, the absorption and emission spectra of the different HPTS 
derivatives are given in Figure 3.19. Relative to HPTS, the absorption and 
emission bands are red shifted for the trifunctionalized HPTS derivatives. 
HPTS displays absorption bands at 404 nm and 454 nm, whereas HPTS(PEG)3 
and HPTS(LysMA)3 display only one band at 484 nm and 494 nm respectively. 
The band at 404 nm is due to the POH form of HPTS (Scheme 5) and at pH 7.4 
is comparable in intensity to the PO" band at 454 nm. HPTS(PEG)3 and 
HPTS(LysMA)3 display no POH band and apparently exist exclusively in the 
PO' form at pH 7.4. 

We chose to run similar solution studies with this new polymerizable dye 
and the polymerizable quencher BP"̂ ^ prior to running immobilization 
experiments. In contrast to HPTS(PEG)3, HPTS(LysMA)3 has negative charges. 
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Figure 3.19. Absorbance (top) and emission (bottom) spectra of the different HPTS derivatives. 
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Figure 3.20. Fluorescence spectra of HPTS(LysMA)3 (4 x 10'̂  M) with increasing [BP'* ]̂ in 
aqueous solution at pH 7.4 (left); Stem-Volmer plot of HPTS(LysMA)3 with increasing [BP '̂T 
(right). >-ex = 470 nm and X^^ = 540 nm. 

In addition, BP4+ has four positive charges, which is two more than any 
other viologen we had tested so far. Thus, the BP'^VHPTS(LysMA)3 system 
was expected to show significantly different characteristics than the m-
PSB V^VHPTS(PEG)3 system. 

Titration of HPTS(LysMA)3 with BP"̂ ^ resuhed in significant fluorescence 
quenching as indicated in Figure 3.10. Stem-Volmer analysis gives K^ = 12,000 
M'' and V = 130 M'\ UV-visible spectroscopic measurements of this 
interaction also clearly showed the formation of a non-fluorescent quencheridye 
complex. Obviously, the increased number of charges in both the dye and 
quencher molecule, relative to HPTS(PEG)3 and m-PSBV^^, dramatically 
changes the quenching. 

Comparison of the B P ^ V H P T S system with BP'^^/HPTS(LysMA)3 system 
reveals a marked difference in the dyes. Although both HPTS derivatives have 
negative charges, the electrostatic attraction between BP"̂ ^ and HPTS is much 
stronger than the attraction between BP"*̂  and HPTS-(LysMA)3; this was 
evidenced in the UV-visible spectra.^^ Consistent with this observation, BP"*̂  
was found to quenche the fluorescence of HPTS much more efficiently than that 
of HPTS(LysMA)3. This is reflected in the Stem-Volmer quenching constant 
where /iTsCBP'̂ VHPTS) is an order of magnitude greater (130,000 M'̂  for HPTS 
V. 14,000 M'̂  for the HPTS(LysMA)3). At this point it is unclear why this is the 
case, and further studies of other model compounds need to be carried out. It 
does seem possible that the carboxylic acid groups of HPTS(LysMA)3 may not 
be fully ionized at pH 7.4, thus providing less attraction for the cationic 
quencher than fully ionized HPTS. Alternatively, the lysine-methacryl subunits 
of the HPTS(LysMA)3 dye may sterically retard complex formation. 

The BP^VHPTS(LysMA)3 system was evaluated for its sugar sensing 
ability. Titrating HPTS(LysMA)3 with BP"̂ ,̂ in the presence of 5 mM glucose, 
decreased the quenching efficiency of BP"*̂  giving K^ = 7.2 x 10̂  M"\ To 
illustrate the difference in quenching, the Stem-Volmer plots in the absence and 
presence of glucose are given in Figure 3.21. 
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Figure 3.21. a) Stem-Volmer plots of the BP''7HPTS(LysMA)3 system with and without 5 mM 
glucose in aqueous solution at pH 7.4; b) Quencher sensitivity plot showing the quencherrdye ratio 
that gives the optimum signal change for 5 mM glucose. 

Figure 3.21 also illustrates the optimum ratio of BP'^VHPTS(LysMA)3 that 
gives the greatest fluorescence recovery upon addition of 5 mM glucose. As 
indicated, the curve reaches its maximum of 13 % recovery at a quencher/dye 
ratio of 30:1. This corresponds to a [BP'* ]̂ of 1.2 x 10'"̂  M and an 
[HPTS(LysMA)3] of 4.6 x 10"̂  M. 

Using this optimum quencher-to-dye ratio, the relative affinity of BP"*̂  
towards different saccharides was then determined. Titration of solutions 
containing HPTS(LysMA)3 and BP"̂ ^ were carried out with fructose, glucose, 
and galactose and binding constants for each sugar were calculated from the 
binding isotherms (Figure 3.22). The order of affinity was fructose (2100 ± 100 
M'̂ ) > glucose (280 ± 20 M"̂ ) > galactose (210 ± 10 M~ )̂. Phenyl boronic 
acids normally show a 3:1 affinity for galactose over glucose; however, in this 
study BP"̂ ^ showed comparable binding to both glucose and galactose. 

0 40 10 20 30 
saccharjde (mM) 

Figure 3.22. Relative fluorescence change of HPTS(LysMA)3 (4 x 10"̂  M) with BP'^ (1.2 x lO"" M) 
upon addition of saccharide. X,ex = 470 nm and >-em = 540 nm. 
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While we continue to study variations in design and application of dyes and 
quenchers, the results obtained from these preliminary studies provided us with 
monomers that were ready for assessment in an immobilized polymer matrix. 

3.5. IMMOBILIZATION OF THE SENSING COMPONENTS - A 
GLUCOSE SENSITIVE THIN FILM HYDROGEL 

The ultimate goal of our program is to prepare the chemistry that can be 
used to continuously monitor blood glucose levels. For a glucose sensor to be 
useful in an implanted or inserted device, the sensing components must be 
immobilized to allow real-time monitoring. To that end, we had prepared 
monomers for immobilization in a thin film glucose permeable hydrogel. This 
approach met our needs with respect to material biocompatibility, ease of 
synthesis and evaluation. For in vivo use, a glucose monitoring device must 
operate at physiological temperature, ionic strength, and pH. Mimicking these 
physiological conditions, we tested several quencher-dye combinations in an 
immobilized monosaccharide sensing system before settling on boronic-acid-
functionalized quencher BP"̂ ^ and anionic dye HPTS(LysMA)3 as our best 
candidates. We found that this combination functioned well to provide 
continuous glucose sensing under physiological conditions. 

The covalent attachment of the monomers BP̂ "̂  and HPTS(LysMA)3 to a 
hydrogel polymer was effected through free radical polymerization. For 
sensing applications, the polymer used for component immobilization must be 
highly permeable to water and allow for the free movement of glucose in and 
out of the polymer matrix. Polymers that possess these types of properties are 
termed hydrogels. Hydrogels are polymers that swell substantially, but do not 
dissolve in water. They are generally cross-linked networks of hydrophilic 
homopolymers or copolymers. Depending on their chemical and physical 
structure, hydrogels have been classified as neutral, ionic, or interpenetrating 
networks (IPNs). Techniques for their preparation are well established^^-^^ We 
relied on the simple method of copolymerization of our dye and quencher 
monomers with 2-hydroxyethyl methacrylate (HEMA), polyethyleneglycol 
dimethacrylate (PEG-DMA), and the initiator VA-044. In all of our early 
polymerizations, we protected the phenol of the dye to prevent its interfering 
with free radical polymerization. In a typical polymerization, a 50% aqueous 
solution containing HEMA, PEGDMA, VA-044, and the quencher and dye 
monomers was injected between two glass plates separated by a teflon spacer. 
This assembly was held together in a steel mold. Free-radical polymerization of 
the mixture was carried out at 40 °C in a vacuum oven for 15 h to produce the 
desired sensing hydrogel. This process is represented schematically in scheme 8 
using the quencher and dye monomers BP"^ and HPTS(LysMA)3. 
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Scheme 3.8. Preparation of a glucose sensing hydrogel through free radical 
polymerization. 

A slightly opaque hydrogel film prepared using these components was 
leached in basic buffer for one day. After equilibration in pH 7.4 buffer for one 
day, the swollen hydrogel was found to contain 40% water (by weight). The 
deprotected film was subsequently tested for its ability to continuously detect 
both increases and decreases in monosaccharide concentration. The hydrogel 
was mounted into a flow cell and phosphate buffer of ionic strength 0.1 M was 
circulated through the cell. The hydrogel film was excited at 470 nm by front-
face illumination while the emission at 540 nm was monitored over time. The 
temperature was kept constant at 37 °C. After a stable baseline had been 
obtained, the buffer solution was replaced with saccharide solution and the 
change in fluorescence intensity was measured. As indicated in Figure 3.23, the 
infrision of glucose into the hydrogel prepared using BP"̂ ^ and HPTS(LysMA)3 
resulted in stepwise changes in fluorescence intensity that were dependent on 
sugar concentration. Importantly, the sensor detected glucose in the 
physiological range of 2.5-20 mM (45-360 mg/dL) and changes in fluorescence 
were completely reversible. ̂ ^ 
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Figure 3.23. Continuous glucose sensing profile of a 0.002" hydrogel containing BP'* 
(LysMA)3 at 37 °C. A-ex = 470 nm and X^m = 540 nm. 

and HPTS 

Using this hydrogel, similar profiles were obtained when measuring 
changes in concentration of fructose and galactose. The apparent binding 
constants of the hydrogel for each sugar were determined. Interestingly, the 
order of selectivity for these three saccharides changed once the components 
were immobilized in a polymer. The immobilized system was found to be more 
selective for glucose and less selective for fructose and galactose than the free 
components; the relative affinities in the hydrogel were determined to be: 
fructose (666 M'̂ ) > glucose (333 M"̂ ) > galactose (111 M'̂ ).̂ ^ As we are 
ultimately interested in obtaining glucose selectivity, this 6:1:3 
fructose:galactose:glucose selectivity compares favorably with the 
approximately 10:1:1 selectivity observed using the same monomers in aqueous 
solution.^^ Such differences in binding between solution and immobilized 
systems are another area of continuing research in our labs. 

Depending on their method of preparation and degree of crosslinking, 
hydrogels can mimic the behavior of polymer chains in solution. For while 
long-range diffusion can not occur, a high degree of segmental mobility is still 
possible and at the local level fiinctional groups attached to the polymer chains 
are free to move about and interact. This movement appears to occur in the 
hydrogels we have prepared by the method described here. Since the quenching 
mechanism appears to be predominately static, the dye and quencher units in the 
polymer chain must have the freedom to associate and dissociate within the 
polymer matrix depending on the local saccharide concentration. Through a 
reversible electrostatic interaction within its polymer matrix, the chemosensor 
depicted in Scheme 3.8 is able to detect glucose in the physiologically 
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important range of 2.5-20 mM (45-360 mg/dL) while operating under 
physiological conditions (37 °C, 0.1 M ionic strength, pH 7.4). Importantly, the 
fluorescence signal obtained is completely reversible, which allows real-time 
monitoring of glucose levels. Further studies are underway to determine the 
scope of this approach in continuous glucose monitoring. 

3.6. SUMMARY AND FUTURE DIRECTIONS 

In summary, we have demonstrated a general monosaccharide sensing 
system using a range of fluorescent HPTS derivatives in combination with 
boronic acid-substituted viologens. The system functions at pH 7.4 and is 
sensitive to changes over the physiologically important concentration range of 
2.5-20 mM (45-360 mg/dL). Mechanistically, in the absence of saccharide, a 
non-fluorescent ground-state complex forms through ionic association between 
the dye and the viologen boronic acid, resulting in a greatly reduced 
fluorescence. The electrostatic attraction between the dye and the quencher is 
lost, however, upon the binding of the viologen to monosaccharide causing the 
dye-quencher complex to dissociate. This produces a fluorescence recovery that 
is directly dependent on the saccharide concentration. 

In order to improve performance parameters such as sensitivity and 
selectivity and to optimize monomers for use in an immobilized sensing system, 
we carried out solution studies of various dye-quencher combinations. Our 
studies suggest that maintaining negative charges on the dye component is 
critical both for good aqueous solubility and to provide for electrostatic 
attraction to the viologen quencher. We also found utility in the use of 
sulfonamide derivatives as our fluorescent dyes. These compounds provided 
longer wavelengths for excitation and emission and this chemistry offered us a 
good degree of synthetic leeway in preparing HPTS(LysMA)3, a dye with both 
negative charges and polymerizable groups,. 

In our studies of various quenchers we found that the ability to strongly 
quench the fluorescence of anionic dyes was a general property of all the 
viologen derivatives studied. Further, this characteristic appears to be general 
for other related compounds such as the phenanthrolinium salts. With regard to 
monosaccharide selectivity, we were unable to achieve glucose selectivity in the 
bipyridinium compounds simply by altering the substitution pattern of the 
boronic acids. The phenanthrolinium salts such as o-PBBV^^, however, did 
provide a selectivity for glucose that was considerably enhanced over that 
observed for simple phenylboronic acids. Additionally, we found that more 
charges on the viologen quenchers improved quenching ability considerably 
and produced a more tightly bound non-fluorescent ground-state complex with 
the dyes. In particular, the quadruply charged polymerizable viologen BP"̂ ^ 
demonstrated very strong quenching and moderate glucose sensitivity. 

Using various dye and quencher monomers, we immobilized our 
monosaccharide sensing system in thin film hydrogels and assessed them for 
continuous glucose monitoring. The saccharide-sensitive hydrogels we were 
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able to prepare could detect glucose in the physiologically important range of 
2.5-20 mM (45-360 mg/dL) and operate under physiological conditions (37 °C, 
0.1 M ionic strength, pH 7.4). Importantly, the fluorescence signal obtained was 
demonstrated to be completely reversible, thus allowing for real-time 
monitoring of glucose levels. 

We are currently pursuing research in a number of areas related to sensor 
biocompatibility, signal sensitivity, and monosaccharide selectivity. The 
generality of this two-component sensing system and the ease with which 
different quenchers and fluorescent dyes can be introduced allows for a wide 
range of system configurations to be considered. We are actively investigating 
the use of new dye-quencher combinations for use in glucose sensing hydrogels 
and are exploring the application of this two-component sensing system towards 
other analytes. 
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IMPLANTABLE CONCANAVLIN A BASED 
SENSORS FOR INTERSTITIAL FLUID GLUCOSE 

SENSING IN DIABETICS 

Bennett L. Ibey, Michael V. Pishko, and Gerard L. Cote' 

4.1. INTRODUCTION 

4.1.1. Diabetes 

Currently, 6.2% of the United States population has been diagnosed 
with diabetes ̂  Of the estimated 17 million diabetics, 90% of them are insulin 
resistant^. Diabetes is commonly split into two categories depending on the 
cause of the disease. Type 1 diabetes, traditionally termed juvenile, is marked 
by a failure of the B-cells in the endocrine portion of the pancreas to properly 
synthesize insulin resulting in improper control of blood glucose levels. Type 2 
diabetes, traditionally classified as late onset, develops when organs and cells in 
the body become immune to native insulin resulting in dramatic oscillations in 
blood sugar̂ '"̂ . Type 1 diabetics regulate their blood sugar by either consuming 
a glucose rich food, if blood sugar is low (< 70 mg/dL) or intravenously 
injecting insulin if blood sugar is too high (> 150 mg/dL)^ Type 2 diabetics, 
being resistant to insulin therapy, must regulate their blood sugar through 
dietary control and through the aid of commercially available drug treatments ̂  
All diabetics are recommended to monitor their blood sugar often to avoid 
immediate threats attributed to high or low blood sugar such as dizziness, coma, 
or even death^. New research has shown that continuous monitoring of blood 
sugar with tight blood glucose control (as close to normal as possible, 70-150 
mg/dL) can substantially reduce the risk of developing afflictions associated 
with prolonged misregulation of blood sugar^. These afflictions include kidney. 

Bennett L. Ibey and Gerard L. Cote, Department of Biomedical Engineering, Texas A&M 
University, College Station, Texas 77843. Michael V. Pishko, Department of Chemical 
Engineering, The Pennsylvania State University, University Park, Pennsylvania, 16802. 
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liver, and heart disease, amputations due to poor circulation and blindness due 
to retinopathy^. 

4.1.2. Commercially Available Sensors 

The commercial blood glucose sensors for diabetics are based on the 
enzymes glucose oxidase or PQQ-dependent glucose dehydrogenase in 
combination with electrochemical mediators^'^. In the presence of glucose, 
these enzymes oxidize glucose, transferring the electrons to the mediators. The 
reduced mediators are then oxidized at an electrode surface, producing a current 
or charge proportional to the amount of glucose within the blood volume^'^. 
These sensors typically have an error of prediction of less than 10 mg/dL blood 
glucose concentration^. They however, have the disadvantage of requiring 
blood from the patient through either a forearm or finger-prick resulting in pain 
to the patient and also a potential risk of infection^"^ \ The pain associated with 
and patient involvement required to use these sensors along with the cost of 
disposables restricts the use of these sensors for near continuous or frequent 
blood glucose monitoring^'^^. Newer sensors based on reverse iontophoresis 
(electrical stimulation of the epidermis resulting in leakage of interstitial fluid) 
have been shown to be less accurate than traditional direct sensing approaches, 
but have been approved for trend monitoring of blood glucose by the FDA^̂ '̂ "̂ . 
Many studies have shown that the interstitial fluid (ISF), while not containing 
the same amount of glucose as the blood, correlates well with a time lag of 
approximately 5 minutes. This lag is due to the physiological separation 
between blood and ISF and the associated mass transfer of glucose between the 
two compartments^^"^" .̂ This technology has been used on dogs, cats and horses 
and shown to perform well and alleviate the stress caused from using traditional 
blood glucose devices^" .̂ It has also been used widely on humans, but reported 
to cause skin irritation due to repeated electrical stimulation resulting in 
inability to wear the monitor over long periods of time^ '̂̂ .̂ This sensor requires 
roughly 20 minutes to acquire a single reading; as such the measurement is an 
average over this acquisition time. It also requires calibration, is only capable 
of being used for up to 12 hours, and results in significant skin irritation with 
repeated use^ '̂̂ .̂ 

4.1.3. Other Approaches 

4.1.3.1. Non-invasive Modalities 

Sensing approaches are being investigated that are based on absorption 
of infrared radiation and rotation of polarized light by glucose because they 
possess the potential to be completely non-invasive, which could result in 
painless continuous glucose monitoring. Glucose, like all molecules, absorbs 
light within the mid and near infrared wavelength range in specific regions due 
to chemical composition^ '̂̂ '̂ . This trait can be very beneficial because unlike 
previously described sensors this absorption allows for direct measurement of 
glucose based on inherent properties of the substance. Implementation of this 
technology has proven difficult due to heavy water absorption within the 
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mid-infrared regime and confounding absorptions from other molecules within the 
near infrared regime requiring complex statistical analysis^^. Polarized light 
has been used for over a century to measure the sugar concentration in cane 
syrup by taking advantage of the chiral nature of glucose^^"^ .̂ Chiral substances 
such as glucose rotate plane polarized light as a function of their concentration. 
Using this phenomenon, researchers have attempted to couple polarized light 
across the aqueous humor of the eye, known to contain glucose concentration 
proportional to the blood with a time lag^ .̂ This technology has been shown to 
work in vitro for biological concentrations of glucose and also in a rabbit 
model, but remains very sensitive to motion artifact^^. 

4.1.3.2. Minimally Invasive Modalities 

Use of a minimally invasive technology for determination of blood 
glucose has been the pursuit of many research groups. McShane et al. are 
investigating the implantation of a polymeric sensor based upon monolayer self 
assembly that uses glucose oxidase similarly to the commercial blood based 
sensor. This sensor contains glucose oxidase immobilized onto a polymer 
coated nanoparticle which, when implanted into the dermal layer of the skin, 
will react with native glucose and generate hydrogen peroxide. This reaction 
consumes oxygen to cause an increase in fluorescent emission of an embedded 
ruthenium organometallic complex known to be quenched in the presence of 
oxygen. This technology has been shown to work in vitro, but requires not only 
the presence of oxygen, but also consumes glucose which may result in 
ambiguous readings due to reduction in local glucose concentration around the 
sensor^^. A second technology that shows promise in sensing glucose is a 
hydrogel contact lens which has been altered to contain a special molecule 
called boronic acid. Boronic acid is a compound which binds glucose 
reversibly and through use of fluorescent probes or photonic crystals, this 
binding can be monitored and indirectly correlated to glucose concentration^^'^^. 
This sensor has targeted the measurement of glucose in tears but they are an 
order of magnitude smaller than that of blood, and have yet to be proven to 
correlate to blood glucose, especially when tearing is induced. This sensor has 
also been shown to work in vitro, but again it is unclear whether this sensor will 
work in vivo where eye hydration, environment, and other confounders can 
affect results^^-^ .̂ 

Multiple research groups are investigating the use of fluorescent 
monitoring of glucose lectin binding, specifically Concanavalin A (Con A)"*̂ ""̂ .̂ 
Fluorescent monitoring of a binding reaction is typically based on either a 
quenching reaction or a fluorescence resonance energy transfer (FRET) reaction 
resulting in both a change in intensity and lifetime of the emission. Intensity 
monitoring has the advantage of being very straight forward requiring limited 
technology, but is vulnerable to system artifacts due to the inherent sensitivity 
of fluorescent based detection systems"̂ '̂"̂ .̂ Lifetime monitoring is 
advantageous in that it is independent of intensity variations and therefore less 
likely to be confounded by systemic artifacts. However, this technology 
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requires either a sophisticated light source or complex electrical components to 
measure lifetimes on the order of nanoseconds in length'̂ '*"'̂ .̂ 

One potential technology for blood glucose monitoring based on 
fluorescent intensity detection is an implantable chemical assay based on a 
competitive binding reaction between the protein Con A, dextran, and glucose. 
The envisioned sensor would be implanted superficially into the skin tissue and 
an optical probe would be designed to noninvasively monitor the implanted-
sensor response to change in interstitial glucose concentration known to be 
comparable to that of the blood"̂ '̂"̂ .̂ This chapter will focus on the description 
and explanation of Con A based glucose sensors for use in implantable blood 
glucose monitoring devices for diabetics. A description of Con A, the glucose 
binding assay, previous sensing modalities, and current technologies will be 
discussed. 

4.2. CONCANAVALIN A AND DEXTRAN 

Concanavalin A is a protein that was originally isolated from the Jack 
bean by Sumner and Howell in 1935"*̂ . Extensive research has been performed 
that uses Con A specifically for its ability to agglutinate various biologically 
relevant complexes such as erythrocytes, glycoproteins, and starches. For 
biologists, physiologists, and chemists, this fiinctionality has enabled Con A to 
be used for various applications from purifying compounds containing 
carbohydrate molecules to fluorescently tagging cellular components'*^. This 
section will describe the structure, purification, stability, and practical uses of 
Con A as it applies to biological and chemical systems. 

4.2.1. Structure 

Con A is a unique protein because it does not contain any nucleic 
acids, carbohydrate, or lipid components, but is essentially made up only of 237 
amino acids resulting in a molecular weight of 25,500 Da"̂ "̂̂ .̂ Each monomer 
protein measures 42 X 39 A across and 42 A high and is predominately 
composed of two large p sheets. A simplified version of a Con A tetramer is 
shown below in Figure 4.1. Two metal binding sites are present on each 
monomer (separated by 4.6 A) along with a single sugar binding site (reported 
to be 10 A from the Mn^^ binding site). The first metal site (Ml) can bind 
transition metals, most commonly Mn^ ,̂ and the second site (M2) binds Ca^^ 
preferentially. Studies have shown that the presence of Mn^^ at the Ml binding 
site is required for binding of Ca^^ to the M2 binding site"*̂ '̂ .̂ 

It has been hypothesized that metal binding alters the geometric structure 
of the sugar binding site supporting evidence which concluded that metals are 
required for sugar binding by Con A.The sugar binding site is approximately 3.5 
to 6 A wide and 7 A high. It has been shown that this site binds well with 5 and 
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Figure 4.1. Simplified schematic of a Con A tetramer showing the relative placement and order of 
the three primary binding structures. Each of the monomer subunits binds metals and sugar 
independent of the other three'*̂ . 

Table 4.1. Association constants of sugar to Con A ^̂  
Sugar K (L/mol) 

Methyl a-D-mannopyranoside^ 20,600 
Methyl a-D-glucopyranoside^ 4,940 
D-fructose^ 1,370 
D-glucose^ 400 
70, 000 MW dextran^ 15,000 

''pH=6.2at2°C 
^ pH=7.2 at 27T 

6 carbon sugars which contain the required equilateral hydroxyl groups at carbons 
C3 and C4 and an unmodified hydroxy methyl group at C6. The four monomer 
binding sites have also been proven to be independent of each other meaning 
that sugar binding to one site will not affect the sugar binding characteristics of 
adjacent monomers. In Table 4.1, the relative binding affinity for common 
saccharide molecules is presented. The structure of glucose is shown below 
with the appropriate labels to demonstrate the required chemical structure for 
binding (Figure 4.2)^^-^^ 

4.2.2. Purification 

Con A was first purified by Sumner and Howell in 193 6 by crystallization"^? 
This process was abandoned in 1965 when the use of cross linked dextrans as a 
means of purification through affinity binding was discovered by Agrawal and 
Goldstein .̂ By using the inherent saccharide binding characteristics of Con A 
towards sugar-like molecules, a means for separation of the protein from the 
jack bean was devised. This procedure used cross-linked dextrans (sephadex) 
beads to extract the Con A from the macerated bean components by passing the 
solution through a column, allowing Con A to bind to the sephadex material, 
such as mannose or glucose. The simple sugar would then be removed through 
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Glucose 

Figure 4.2. Structural diagram of glucose illustrated the structure necessary for binding to Con A 
protein. The C3, C4, and C6 have been shown to require this specific configuration to bind to the 
Con A sugar binding site. 

dialysis or gel filtration^\ The concentration of the eluted protein could be 
determined by measuring ultraviolet light absorption at 280 nm^^ 

4.2.3. Stability 

In its native form Con A is a tetramer consisting of two dimers which 
have partially overlapped and created a series of weak hydrogen bonds. The 
stability of the tetramer form heavily depends upon temperature and pH due to 
weakness of these bonds. In temperatures between 20-40° C and pH between 6-
8 it has been shown that the protein prefers a tetramer state'* '̂̂ .̂ At low 
temperatures (0-4° C) and lower pH's (4-6) the protein is predominantly in 
dimer formation due to the breaking of the weak hydrogen bounds between the 
overlapping dimers. At temperatures above 50° C the protein denatures 
resulting in a complete loss of binding capability. The ionic strength of the 
environment surrounding the protein has also been shown to have a stabilizing 
affect on the protein at strengths greater than O.SM"̂ '̂̂ .̂ 

Con A in native solution (pH 7, 27°C) is dominantly in a tetramer state 
and is susceptible to aggregation leading to eventual precipitation. To stabilize 
the Con A protein in solution, modifications of the e-amino group by 
succinylation have been shown to inhibit the formation of tetramers thus greatly 
reducing aggregation^ '̂̂ " .̂ It has also been shown that this process does not 
inhibit the sugar binding characteristics of the protein, specifically its ability to 
bind sugars and to sephadex. However, in a study by Meadows et al. it was 
shown that succinylation did not reduce the rate or prevalence of inactivation of 
the sugar binding capabilities of Con A. Aliquots of purified and succinylated 
Con A were stored for 7 days at 4, 25, and 37 degrees C and the percent 
deactivated, still active, and precipitated protein was measured. A reduction in 
binding activity of 60% was seen for both pure and succinylated Con A. The 
most pronounced difference between the two forms was a substantially limited 
amount of aggregation in the succinylated Con Â "*. 
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Ruorescein ^ . . . 
Isothiocyanate C<^ncanavalinA 

FirC-N=C=S + Con A NH2 
S 
II 

FITC NH-C-NHConA 

FrrC - Concanavalin A 

Figure 4.3. Fluorescein isothiocyanate binding reaction with Con A amino group forming FITC-
ConA. The isothiocyanate compound reacts with the amino group of the target molecule (Con A) 
resulting in the formation of a thiourea group^^. 

4.2.4. Traditional uses of Con A 

Con A has been widely used in biological and chemical research. In 
microscopy, Con A is used as a target molecule for attaching dyes and markers 
to specific regions of cells and sub-cellular components'^. Con A has been used 
as a linker molecule to bind markers to glycoproteins within the cell membrane. 
Fluorescent tags, specifically fluorescein isothiocyanate (FITC) are also 
routinely attached to Con A allowing for fluorescent detection of cell 
membranes, micro-projections in lymphocytes, and other surface structures. 
Fluorescent isothiocyanate molecules are attached to amino groups contained 
within amino acids through the formation of a thiourea compound as depicted 
below in Figure 4.3"^ '̂̂ '''̂ . This process is performed by mixing proteins and 
isothiocyanate complexes at a basic pH (9). Con A has also been used as an 
indirect measurement of cell structures and surface chemistry through titrations 
in conjunction with anti-Con A antibodies resulting in numerous immunological 
and pharmacological applications"^ '̂'̂ . 

Immobilization of Con A onto agarose has been investigated for use in 
separation of molecules containing sugar residues. Agarose beads (Sepharose) 
have been used to immobilize Con A through reaction using cyanogens bromide 
which allows Con A molecules to bind to the agarose particles'*^. Another 
method for immobilization is performed by treating a polyacrylamide surface 
with nitrous acid enabling amino groups within the Con A protein to bind to the 
surface. This process was reported to have better stability and less non-specific 
saccharide binding as compared to the sepharose based beads. Both of these 
methods create compounds which can be loaded into chromatography columns 
or gels and used to isolate saccharide molecules such as glycoproteins and 
starches giving separation scientists a powerful tool"̂ .̂ 
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Figure 4.4. Molecular structure of dextran showing polysaccharide chain. This figure illustrates 
three saccharide connected as part of a large dextran chain. Dextran molecules range in size from 
15 to 1000 monosaccharides in length^^. 

4.2.5. Dextran 

Dextran is a hydrophilic polysaccharide chain made up of Q!-D-1,6-
glucose molecules and a large portion of D-glucopyransoyl residues. The 
molecular weight can vary from 3 to 2000 kDa and the degree of branching can 
range from 5% to 50%.^^ Dextrans are commonly used in biological 
applications such as tracing neuronal projections to track cell lineage following 
mitosis due to its inherently low toxicity and resistance to cleavage. For these 
applications, dextran is labeled with a fluorophore by reacting amino dextran 
molecules with isothiocyanate based fluorescent molecules through a process 
analogous to the previously described protein labeling. The chemical structure 
of dextran is shown below in Figure 4.4^^. 

4.3. FLUORESCENT BASED ASSAY 

4.3.1. Fluorescence Resonance Energy Transfer 

Fluorescence is the process in which an excited molecule releases 
energy in the form of photon energy. Typically, the molecule is raised to an 
excited state via the absorption of a high energy photon^^"^ .̂ The process is 
illustrated below in a Jablonski diagram (Figure 4.5). In this diagram, an 
incident photon is absorbed by the molecule via stimulated absorption and 
raised to an excited energy state (So). Through intramolecular vibrational 
relaxation, the molecule relaxes down to a lower energy excited state (Si). 
Energy is then released through spontaneous emission in the form of a lower 
energy photon (longer wavelength) returning the molecule to its unexcited 
state^^-^^ 
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Figure 4.5. Jablonski diagram illustrating spontaneous emission from a fluorescent molecule. 
Light is absorbed via stimulated absorption raising the molecule to an excited state (SI). The 
molecule then relaxation via vibrational relaxation to a lower excited state (SO) and fully relaxes 
through a spontaneous emission of a photon. 

Two fluorescent dyes contained within a small volume can act 
independently by absorbing photon energy and emitting fluorescent photons. 
However, if the two fluorophores have overlapping absorption and emission 
spectra and are chemically restrained within lOOA of each other, a special non-
radiative transfer of absorbed photon energy can occur. This transfer of energy 
is called Fluorescence Resonance Energy Transfer (FRET) and is depicted 
below in a Jablonski diagram (Figure 4.6). In this reaction an incident photon is 
absorbed by the "donor" fluorophore, defined as the fluorophore with a higher 
energy emission spectrum, resulting in excitement of that molecule to a high 
energy state. Following relaxation, energy is transferred non-radiatively to an 
"acceptor" molecule and released as photon energy within the emission range of 
the acceptor. A FRET reaction can occur between two identical (homogenous) 
or two different (heterogeneous) fluorescent molecules^^"^^ 

Skhv^na 

Figure 4.6. Above is a simplified Jablonski which illustrates the energy pathways taken during a 
FRET reaction. A stimulated absorption occurs followed by vibrational relaxation and nonradiative 
transfer of energy to a neighboring fluorophore. The neighboring fluorophore then emits a photon 
within its emission spectra to fully relax. 
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4.3.2. FRET Based Assay For Glucose Detection. 

The competitive binding reaction between Con A and FITC labeled 
dextran as a method for monitoring glucose concentrations within the interstitial 
fluid was first described by Mansouri and Schultz in 1979^\ A formula for the 
proposed reaction is shown in Equation 1. It can be seen that these two 
competing reactions are reversible and depend heavily on the concentrations of 
each saccharide molecule. The binding constants of the following reaction can 
be calculated using Equations 2 and 3. Reynolds et al. used this theory to 
generate association constants for Con A towards dextran (15,000 L/mol) and 
glucose (400 L/mol) using Con A sepharose^\ It can be seen that the 
interaction between the Con A and dextran is much stronger than the interaction 
between glucose and Con A. This large difference has been hypothesized to be 
due to multivalent binding of the Con A to the large dextran molecules^\ 

ConA + glue <-> ConA - glue 

ConA + FITCdextran <-> ConA - FITCdextran (1) 

[ConA][gluc] ̂  (2) 

[ConA - glue] 

[ConA][dextran] _ (2) 
[ConA - dextran] 

The most common assay for glucose sensing using Con A is based on a 
FRET reaction between fluorescein isothiocyanate (FITC) labeled dextran and 
tetramethyl-rhodamine isothiocyanate (TRITC) labeled Con A. The absorbance 
and emission spectra for FITC and TRITC are shown in Figure 4.7^^. It can be 
seen that the emission of the FITC dye heavily overlaps the absorption spectrum 
of the TRITC dye. The reported Forster distance between these two dyes is 54 
A. When dextran binds to Con A, the dyes are brought within the stated 
distance and a RET reaction occurs. A schematic of the proposed chemical 
reaction is shown in Figure 4.8. In this figure, a representation of a high 
molecular weight FITC labeled dextran molecule is shown with multiple 
TRITC labeled Con A tetramers bound to it. In the bound state the 
fluorophores are held within the required Forster distance to promote energy 
transfer. Following introduction of glucose into the system, the large dextran 
molecule is displaced resulting in a increase in the separation distance. 
Furthermore, there is a loss of energy transfer between the two dye molecules. 
Figure 4.9 shows sample spectra illustrating the FRET phenomena by plotting 
the FITC dextran with the addition of TRITC Con A, and the assay with 
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Figure 4.7. Absorption and Emission Spectra of FITC and TRITC. It can been seen from this 
figure that the emission spectra of FITC dye heavily absorbs the absorption spectra of TRITC 
meaning that this pair has potential to exhibit a FRET reaction^^. 

addition of glucose to the solution. As would be expected from a FRET 
reaction, the fluorescent emission from the FITC dextran is reduced while the 
TRITC Con A emission increases upon creation of the assay. Upon 
introduction of glucose this transfer is disrupted and the FITC emission is 
increased, while the emission of the TRITC dye is reduced."̂ "̂"̂ ^ 

^^tiwrcCfii^A f"^ WWOHMkm 

Figure 4.8. FRET reaction between FITC labeled dextran and TRITC Labeled Con A. In the 
absence of glucose the Con A molecules are bound to the long dextran chain and FRET occurs due 
close proximity between the dyes. In the presence of glucose the dextran is displaced resulting in a 
loss of the FRET reaction^ '̂̂ ^ 
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Figure 4.9. Plot of the emission spectrum of FITC and TRITC dyes illustrating the formation of 
Con A-dextran complex through a FRET reaction and disruption of the FRET reaction through 
addition of glucose''^ 

4.4. SENSING MODALITIES 

4.4.1. Hollow Fiber Based Sensors 

4.4.LI Previous Work 

The first fluorescent affinity sensor for glucose detection was devised by 
Mansouri and Schultz in 1982^\ This sensor was based upon the affinity 
reaction between Con A and a high molecular weight dextran (70kD). Using a 
hollow fiber membrane, Con A was immobilized by adsorbing the protein onto 
the hollow fiber with glutaraldehyde so that it would irreversibly bind to the 
luminal side. The sensor was constructed by filling the hollow fiber membrane 
with FITC dextran solution and sealed at one end using a sealant. A raw optical 
fiber was inserted into the open end and sealed creating an optical path for light 
to travel from the fiber into the assay solution containing fluorescent molecules 
and back through the fiber to a detector. The optical fiber was designed to have 
a low numerical aperture resulting in a light path traveling through the center of 
the solution and not illuminating the edges of the hollow fiber. A diagram of 
the sensor construction is shown in Figure 4.10^\ 
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Figure 4.10. Diagram of the single fluorophore hollow fiber sensor devised by Mansouri and 
Schultz'^ 

The sensor was placed into a buffer solution for testing and showed 
minimal fluorescence emission from FITC-dextran due to binding to the 
immobilized Con A and removal from the excitation path. Upon placement of 
the fiber sensor into a glucose enriched buffer, a rise in fluorescent emission 
was seen due to displacement of the FITC dextran by glucose. This increase in 
fluorescent emission was directly proportional to the amount of glucose which 
had diffused into the hollow fiber. This glucose concentration was shown to 
equilibrate with the surrounding media's concentration within 5-10 minutes. 
The assay was theoretically determined to respond within seconds whereas the 
diffusion time for glucose into the membrane was calculated to be on the order 
of minutes proving to be the limiting factor of the sensor's response. The 
largest overall response to glucose seen in this sensor was approximately 60% 
over a range of 0-lOmM of glucose. This sensor modality proved the feasibility 
of the Con A/dextran system as a sensing element for biological concentrations 
of analytes such as glucose. The limitation of this sensor was the lack of an 
internal reference making the sensor unusable in long term studies due to drift 
which required recalibration using known standards^ ̂  

Due to the lack of an internal reference and in hope of avoiding the 
immobilization procedure of the previous modality, which proved to be 
complicated and hard to repeat, a new assay was created by Meadows and 
Schultz that used a FRET based approach"^^ (Figure 4.11). By labeling Con A 
with TRITC and placing it into a hollow fiber with FITC labeled dextran, a 
quenching of the FITC dye was realized. This quenching was due to a 
development of a FRET reaction between the FITC and TRITC dye resulting in 
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Figure 4.11. Diagram of the FRET based hollow fiber sensor devised by Meadows et al^"^. 

a loss of emission of the FITC dye due to the energy transfer. The TRITC dye 
was reported to show very little increase in intensity and was therefore used as 
an internal reference. The sensing system was modified to include two 
excitation sources which were swapped on and off alternately to preferentially 
excite the FITC and TRITC dye separately. The TRITC dye acted as an internal 
reference recording any loss of protein due to denaturation and mechanical 
disturbance in the excitation and detection pathways. The overall response of 
the sensor was improved to 60% recovery of 50% quenching of FITC over a 
range of 0-900 mg/dL glucose with a similar response time as the first sensor 
primarily due to the diffusion constant of the hollow fiber membrane"^ .̂ 

This sensor modality was further modified by including two fibers, one for 
each dye into the end of the hollow fiber membrane resulting in an increased 
sensitivity and elimination of the need to alternate the excitation pathways^" .̂ 
This modification allowed for a continuous reference of the TRITC dye so that 
variations could be removed accurately. The new continuous ratiometric system 
lowered the detection limit of FITC emission to 0.05 fig/ml, which improved 
upon the 4 mg/dl reported in the single fluorophore experiments. In this work, 
the effectiveness of Con A as a quencher and the long term stability of the 
protein were also investigated. It was found that commercially purchased 
labeled protein was very poor in quenching the FITC fluorescence due to poor 
labeling ratios and a large amount of inactive protein. By labeling the protein 
prior to implementing the sensor a much larger quenching of the FITC protein 
was seen and also long term stability of the protein was obtainable by addition 
of a succinyl group to the protein rendering it in a permanent dimer state at 
room temperature. This dimerization of the protein was shown to not limit the 
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saccharide binding of the protein, but did limit the aggregation due to the 
protein's inability to form a tetramer or multimer. However, this step did not 
eliminate inactivity of the protein. This inactivity was reported to affect about 
40% of dissolved protein which severely limited the response of the sensor 
probê "*. 

Ballerstadt et al attempted to modify this sensor in two distinct ways^ .̂ 
The first way was to completely remove the need to either immobilize the Con 
A onto the hollow fiber membrane or fluorescently label it through a chemical 
process, since the later might alter the binding characteristics of the protein 
and/or damage it. The devised system used the binding of the Con A tetramer 
to tether the two fluorescently (FITC, TRITC) labeled polymer spheres, 
modified with sugar ligands, together and in turn create a FRET reaction 
between the two dyes. The second modification was to use oblique excitation 
by passing light (495nm) directly through the hollow fiber membrane rather 
than coupling the raw fiber into the end of the membrane (Figure 4.12). This 
advancement is very important because it removes the need for an indwelling 
catheter type of sensor in which the raw fiber had to penetrate into the skin. 
This newly devised sensor, however, was only able to achieve a 20% change in 
fluorescent quenching and only a 15% change over the entire glucose range. 
This sensor also proved to have stability issues due to the deactivation of the 
protein binding characteristics resulting in loss of activity to glucose over 
time^l 
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Figure 4.12. Diagram of FRET based system using unmodified unlabeled Con A and two 
fluorescently tagged polymer spheres grafted with a specific sugar ligand as a novel assay system 
for glucose sensing^^ 
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Figure 4.13. Schematic showing the premise of the novel sensor devised by Ballerstadt which relied 
on preferential absorption of excitation light by an absorbing molecule to limit fluorescent emission 
of bound Con A^'. 

Since previous FRET based approaches showed potential, but were hmited 
by poor quenching and therefore small fluorescent change due to glucose, 
Ballerstadt et al. created a new fluorescent sensing modality that relies on 
nonspecific absorption of excitation light resulting in minimized fluorescence^^. 
The sensor is based upon a sephadex bead doped with Safrinin O, which heavily 
absorbs blue light (488nm). Alexa Fluor 488 (AF488) labeled Con A was 
allowed to diffuse into the porous bead and bind the cross linked dextrans. 
Excitation light was projected towards the sephadex beads and was 
preferentially absorbed by the Safrinin O dye and not by the AF488 fluorophore 
resulting in poor fluorescent emission. In the presence of glucose, the labeled 
Con A diffiises out of the beads and is fi*ee to fluoresce. A pictorial 
representation of the functionality of the sensor is presented in Figure 4.13. 
This sensing modality showed a dynamic range that was 50% better than that 
seen in FRET based approaches from 0 to 25 mM glucose. This research was 
furthered to include an in vitro study which investigated the long term stability 
of Con A while encapsulated in a hollow fiber membrane. This research proved 
inconclusive due to leakage of the membrane cavity over the course of many 
months resulting in a large loss of fluorescent intensity^ '̂̂ '̂ . 
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4.4.1.2. Current Modalities 

Ballerstadt et al. continued to pursue their technology using a hollow 
fiber membrane, but returned to a FRET based sensing approach by using a 
macroporous Sepharose bead to immobilize the QSY21 labeled Con A protein 
because they believed an immobilized protein would add stability to the 
system^^. Alexa Fluor 647 (AF647) labeled dextran binds to the Con A bead in 
the absence of glucose, generating a FRET reaction between the two dyes, and 
displaces with the addition of glucose (Figure 4.14). Also included in this 
sensing technology is a separate hollow fiber sensor to serve as a reference 
using polysulfone fibers labeled with LD800. This sensing technology shows 
only about a 20% change due to glucose binding. This current modality for 
glucose sensing shows promise since it contains dyes which emit light into the 
red and near infrared regime. This emission allows it to be more viable in vivo 
since the longer wavelengths provide deeper penetration through skin with little 
autofluorescence from the tissue. However, the drawbacks of this system 
include the need for an extemal reference dye platform within the sensor probe 
namely a second hollow fiber containing nonreactive molecules. This may 
prove difficult to correlate to the primary sensor due to differing 
microenvironments at the implantation site, most notably optical pathlength. 
Also, in its current state, this sensor may prove difficult to implant due to its 
multiple element construction and unconfirmed longevity and biocompatibility 
of implanted hollow fiber membranes^^. 
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Figure 4.14. Schematic of the sepharose immobilized Con A assay developed by Ballerstadt et al ^ 
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4.4.2. PoIy(ethylene glycol) Based Sensors 

4.4.2.1 Previous Modalities 

Russell et al. developed an implantable glucose sensor by 
encapsulating TRITC Con A and FITC dextran into a poly(ethylene glycol) 
(PEG) hydrogel"^ .̂ Poly (ethylene glycol) hydrogels have been shown to be very 
biocompatible and are currently used for drug delivery devices and for coating 
orthopedic implants to inhibit thrombosis^^'^^. PEG has also been shown to 
work very well for in situ glucose biosensors acting as a barrier between the 
body fluids and electrode^^. The envisioned sensor is a collection of PEG 
hydrogel spheres which contain the functional glucose assay (Figure 4.15)"̂ .̂ 
Poly(ethylene) glycol diacrylate, when polymerized using a high intensity UV 
light, forms a hydrogel which will swell when placed into a buffered solution. This 
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Figure 4.15. A model of the PEG microsphere containing the FITCdextran TRITC Con A glucose 
43 

assay 

Figure 4.16. A scanning electron microscope image of a PEG hydrogel"*̂  
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swelling increases the mesh size within the hydrogel allowing for diffusion of small 
molecules such as glucose while inhibiting the loss of large molecules such as 
Con A and dextran^ '̂̂ "̂̂ .̂ To construct the PEG spheres, the Con A/dextran 
assay was mixed with a-acryloyl, co-N-hydroxysuccinimidyl ester of PEG-
propionic acid, a compound which acts to bind the Con A to the polymer 
backbone to inhibit leaching. Following the chemical binding, the material is 
polymerized via cross-linking using a long wavelength UV source ensnaring the 
dextran molecules and protein within the hydrogel. Figure 4.16 is a scanning 
electron microscope image of a PEG hydrogel displaying the porous structure 
important for this application"^ .̂ 

The ideal sensor will be placed just underneath the epidermal layer of 
the skin allowing free exchange of analytes within the interstitial fluid^^'"^^. 
Figure 4.17 shows the ideal placement of the implanted sensor. Using a custom 
fiber optic probe, excitation light can be delivered and fluorescent emission can 
be detected through the skin. In 1999, Russell et al, showed that the traditional 
FRET assay originally devised by Schultz could be encapsulated into a PEG 
microsphere and still retain functionality. The assay was made with TRITC 
labeled Con A and 2000 kDa MW FITC labeled dextran. Preliminary results 
showed a 35% change across the 0-1000 mg/dL range of glucose concentration 
and a 20% change across 0-2000 mg/dL range for mannosylated FITC dextran. 
The response time of the sphere from 0-200mg/dL glucose was shown to be 
about 15 minutes comparable to to the hollow fiber membrane technology. It 
was also discovered that the optimum mass ratio between FITC dextran and 
TRITC Con A was 100:1 resulting in a 60% difference in fluorescence due to a 
800 mg/dL insult^^ 

Fiber Probe 

Excitation 
Skin light 

Figure 4.17. A schematic illustrating the ideal sensor placement in the dermal tissue and the 
proposed detection system using a fiber optic probe. 



108 B,L.IBEY ETAL. 

4.4.2.2 Fluorescent light through the skin 

Further research focused on the evaluation of the ability of fluorescent 
light to penetrate through the dermal tissue. In an attempt to model the 
interaction of light with the dermal tissue and fluorescent implant, Monte Carlo 
photon tracing simulations were run to isolate both the anticipated signal and 
the effect of the spheroid geometry of the devised sensor implant^^. McShane et 
al. devised a modification of the original MLMC code derived by Wang et al. 
that included the ability to generate a fluorescent reaction based upon the 
quantum efficiency of dye at a single wavelength^^"^^ Using this code, they 
were able to generate prediction about tissue depths and signal-to-noise which 
were confirmed through experimental results using dyed microspheres in 
porcine tissue. This code was rewritten to take into account the effect of 
geometry of the spheres since it would affect the collection efficiency of the 
fiber probe through increased scatter. It was concluded that two main factors 
influence the ability to retrieve fluorescent light fi"om the dermal tissue layer. 
The first factor was based upon the thickness of the homogenous sensor slab 
used in the simulation. Due to the complicated nature of modeling spheres, a 
simple slab was used. It was shown that increasing the thickness of the slab and 
therefore the amount of the dye, had a profound affect on signal to noise ratio of 
the fluorescent light to background autofluorescence of the dermal tissue 
components. Within this study it was also determined that fluorescent emission 
from within the skin had a very broad distribution upon arriving at the surface 
as compared to standard diffuse reflectance, presumably due to the isotropic 
nature of spontaneous emission. The second main factor was distance of the 
collection optics from the excitation optics. It was shown that as the detection 
optics are further separated fi^om the excitation locale, the signal to noise ratio 
defined as the fluorescence due to the sensor divided by the autofluorescence of 
the tissue dropped dramatically. 

Opticai 
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Figure 4.18. In vitro and in vivo optical system composed of a argon ion laser source, laser 
stabilizer, custom fiber optic probe, and a CCD based spectrometer^"*. 
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An optical system was devised by McShane et al. to investigate the 
ability of the sensor's fluorescent emission to pass through multiple dermal 
tissue layers^^. The optical setup consisted of a blue argon laser, a custom fiber 
optic probe, and a spectrometer (Figure 4.18)^^. Polystyrene spheres containing 
FITC and TRITC dyes were purchased and implanted into the dorsal tissue of 
rats. This study confirmed the model prediction proving that at shallow 
implantation depths, fluorescent emission could be adequately captured and 
quantified. O'Neal fiirthered this study by investigating the effect of 
implantation depth on signal to noise by generating phantom PEG slabs which 
contained both FITC and TRITC dextran at a thickness of 1mm using the 
polymerization protocol outlined by Russell et al}^. These slabs were covered 
with thicknesses of excised porcine tissue ranging from 0-800 fim. These 
studies showed that, despite a significant lose of signal, emission peaks were 
attainable up to TOOjim without baseline correction. 

4.4.2.3. Current Progress 

As outlined above, the traditional FITC/TRITC based assay could be 
successfully contained within a PEG hydrogel microsphere and that sensor 
functionality could be retained despite noticeable attenuation in dynamic range. 
Through modeling of light penetration in dermal tissue and validation of that 
model through in vivo and in vitro skin studies, the feasibility of an implantable 
sensor was recognized. By implanting the microspheres into a rat model, the 
biocompatibility of the sensor as well as its in vivo functionality was explored^" .̂ 
It was shown that at an implantation depth of 500[im fluorescent spectra using 
the FITC/TRITC (blue/green/orange) wavelengths could be obtained through 
baseline subtraction and that a glucose response in the spheres was visible 
through a bolus injection of glucose into the tail vein of a rat (Figure 4.19)̂ "̂ . 
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Figure 4.19. Preliminary results obtained from spheres implanted into the abdominal dermal tissue 
of a hairless rat. Baseline readings were taken and verified using a commercial glucose meter. A 
bolus injection of glucose was administered into the tail vein and spectra were recorded using the 
fiber optic detection system^^. 
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In this work, however, it was evident that the autofluorescence of the 
tissue created a large baseline signal that required subtraction of an adjacently 
acquired tissue spectra to visualize the peak of interest. Histological sectioning 
of the normal tissue and tissue containing spheres were taken at three weeks and 
reviewed by a pathologist. The results showed little to no adverse affect on the 
surrounding tissue and no noticeable immune response to the implanted 
spheres. Microscopic pictures of the histology preparation are shown in 
Figure 4.20. 

It was found that the excitation wavelength of the traditional sensor 
was not optimum for penetration of dermal tissue resulting in low sensitivity in 
the presence of high tissue autofluorescence. Ibey et al. compared the traditional 
FITC dextran TRITC Con A spheres with AF594 dextran AF647 Con A spheres 
through in vitro porcine skin studies similar to that previously described by 
O'Neal^^ It was hypothesized that the longer wavelength dyes would improve 
the signal-to-noise due to reduced absorption and scattering of longer 
wavelengths in biological tissues and reduced autofluorescence of the tissues. 
Using excised tissue it was shown that the longer wavelength dyes indeed had 
less susceptibility to implantation depth and a much higher signal to noise given 
the same excitation power. It was also shown that spheres containing new dyes 
were functional and compared well to that of the previous sensor reported by 
Russell et al.^^^^\ 
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Figure 4.20. Histological sectioning of the implant site of the spheres and a control site allowed for 
immunological screening of the sensor site. No evidence of an immune response was seen at the 
implantation site despite overshooting the target implant depth^^ (see the color insert after p. 429.) 
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4.5. SUMMARY 

The focus of the chapter was an overview of the protein Con A as a 
sugar binding protein for use in implantable fluorescent glucose monitoring 
systems. An overall description of the protein, the assay, and the fluorescent 
properties used in indirectly measuring the binding and unbinding of the protein 
was presented. Two sensing approaches using this protein were highlighted and 
described in depth, namely hollow fiber based sensing and polymer 
encapsulation based sensing. The hollow fiber sensor is limited in its 
application due to the uncertainty of the implantable lifetime of the membrane. 
In its current form, the sensor may need a material coating to protect it from the 
body's immune system which would slow the diffusion of glucose and the time 
response of the sensor. The PEG sensor, while showing good results for 
biocompatibility, lacks a quick response which is limited by the current 
microsphere size and mesh size dictated by the molecular weight of the PEG. 
The long term activity of this type of sensor is also unknown as well as the 
degree of leeching and stability of the ensnared Con A. The PEG and the 
hollow fiber sensors both suffer from a very small overall spectral response to 
glucose leading to low signal-to-noise ratios. Current research groups have 
replaced assay components and are attempting to yield larger fluorescent 
emission changes and improve long term assay stability to overcome this 
obstacle. Therefore, despite some obstacles facing this approach, glucose 
sensing through the implantation of an affinity based assay still remains 
promising due to its potential for continuous and pain free monitoring of 
glucose. 
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FLUORESCENCE BIOSENSORS FOR 
CONTINUOUSLY MONITORING THE BLOOD 

GLUCOSE LEVEL OF DIABETIC PATIENTS 

Sabato D'Auria, Giovanni Ghirlanda, Antonietta Parracino, 
Marcella de Champdore, Viviana Scognamiglio, Maria Staiano, 
and Mose Rossi ~̂  

5.1. INTRODUCTION 

Diabetes mellitus is increasing rapidly and will double in the next 15 
years/'^ In addition, diabetic patients have a mortality excess for cardiovascular 
disease up to 2.5-4 times more than non diabetic population.^' ^ In the last years 
became evident a cluster of cardiovascular risk factors like hypertension, central 
obesity, dyslipidemia with low HDL-cholesterol and high triglycerides, 
impaired fibrinolysis, hypercoagulation and endothelial dysfunction that has 
been called metabolic syndrome.^ The underlying defect that shares all these 
alterations is insulin resistance with compensatory hyperinsulinemia that is 
associated with increased cardiovascular events and mortality.^' ^ Patients with 
diabetes and/or metabolic syndrome must be treated aggressively about every 
risk factors to minimize the cardiovascular events. Hyperglycemia is clearly 
related to microvascular complication of diabetes: retinopathy, nephropathy and 
neuropathy, while for macrovascular complication other coexisting risk factors 
are important. Many studies have demonstrated that an intensive treatment of 
diabetes reduces the macro and microvascular complications and the best results 
are obtained when every risk factor is aggressively treated. '̂̂ ^ 
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Glycated hemoglobin (HbAic), at present the gold standard of glycemic 
control, predicts diabetic complications and actions that lowered HbAic reduced 
also diabetic complications/^' ^̂  

HbAic gives us the integrated mean of glycemia of the previous 6-10 
weeks, but other parameters of glucose metabolism are also important to 
explain cardiovascular risk. The Verona Diabetes Study demonstrated that the 
coefficient of variation of fasting glucose best correlated to all causes mortality 
than mean fasting glucose. Diabetic patients with greater variation of fasting 
glucose had greater mortality irrespective of mean plasma glucose and of other 
known risk factors as diabetes duration, hypertension, gender and age.^ '̂ "̂̂  

Many epidemiological studies have shown that post prandial glycemia and 
glucose plasma levels 2 h after a glucose load are more powerful predictors of 
cardiovascular risk than HbAjc and fasting glucose.^^ 

A complete assessment of cardiovascular risk related to glycemia should 
comprise the HbAic, the daily glycemic excursions and the peak of postprandial 
hyperglycemia. Diabetic patients on intensive treatment adjust their therapy 
from data obtained by home blood glucose monitoring with reflectance or 
electrochemical meters. These measurement use capillary blood drawn from the 
fingertip through a microlance. Time needed to perform the measure, pain 
associated to the pinprick and the discomfort arising from having all the fingers 
pricked prevent the possibility that most of diabetic patients could have many 
blood glucose levels measured during the day.̂ "̂̂ ^ 

At present we have continuous glucose monitoring systems that are 
minimal invasive based on interstitial fluid sampling. Glucose is measured 
transdermally, after microdyalisis, or by a subcutaneous glucose sensor. Each of 
this method has a number of problems that till now have hampered a wide 
clinical use of these devices. Novel promising approaches are the optical 
glucose sensors that are totally non invasive and could overcome many 
problems.*^ 

It is strongly desirable that in a reasonable time we can get a continous 
glucose monitoring system able to give to the diabetic patients the body of 
information required to better refine their therapy and ultimately improve their 
metabolic control. 

The search of a suitable non-invasive glucose measurement method has 
resulted in decades of research with not great improvements. Included in this 
effort is the development of fluorescence probes specific for glucose, typically 
based on boronic acid chemistry.̂ ^"^^ An alternative approach to glucose sensing 
using fluorescence is based on proteins which bind glucose. Optical detection of 
glucose appears to have had its origin in the promising studies of Schultz and 
co-workers,̂ ^"^^ who developed a competitive glucose assay which does not 
require substrate and does not consume glucose. This assay used fluorescence 
resonance energy transfer (FRET) between a fluorescence donor and an 
acceptor, each covalently linked to concanavalin A (ConA) or to dextran. In the 
absence of glucose the binding between ConA and dextran resulted in a high 
FRET efficiency. The addition of glucose resulted in its competitive binding to 
ConA, displacement of ConA from the labeled dextran, and a decrease in the 
FRET efficiency. These early results generated considerable enthusiasm for 
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fluorescence sensing of glucose.^ '̂̂ ^ The glucose-ConA system was also studied 
in the dr. Lakowicz's lab. The researchers, however, found that the system was 
only partially reversible upon addition of glucose, became less reversible with 
time, and showed aggregation.^ '̂̂ ^ For this reason, the use of other glucose-
binding proteins as sensors was explored from several labs.̂ "̂"̂ ^ 

However, there is a considerable interest in using enzymes or proteins as 
sensors for a wide variety of substances'* ̂ "̂ ^ and, if a reliable fluorescence assay 
for glucose could be developed, the robustness of lifetime-based sensing"*̂ "*̂  
could allow development of a minimally invasive implantable glucose sensor, 
or a sensor which uses extracted interstitial fluid. The lifetime sensor could be 
measured through the skin"*̂  using a red laser diode or light emitting diode 
(LED) device as the light source. These devices are easily powered with 
batteries and can be engineered into a portable device. An implantable sensor 
can be expected to report on blood glucose because tissue glucose closely tracks 
blood glucose with a 15 min time lag,^ '̂ ^̂  and time delays as short as 2-4 
minutes have been suggested. ̂ ^ 

In this chapter we show the use of inactive form of enzyme probes for a 
non-consuming analyte stable biosensor, in particular we will show the data 
obtained on the glucose oxidase from Aspergillus niger, the glucose 
dehydrogenase from Thermoplasma acidophilum, and the glucokinase from 
Bacillus stearothermophilius. 

5.2. GLUCOSE OXIDASE FROM ASPERGILLUS NIGER 

Glucose oxidase (GO) (EC 1.1.3.4) from Aspergillus niger catalyzes the 
conversion of P-D-glucose and oxygen to D-glucono-l,5-lactone and hydrogen 
peroxide. It is a flavoprotein, highly specific for P-D-glucose, and is widely 
used to estimate glucose concentration in blood or urine samples through the 
formation of colored dyes.^^ Because glucose is consumed, this enzyme cannot 
be used as a reversible sensor. In a recent report̂ "̂  we extended the use of GO 
under conditions where no reaction occurs. In particular, in order to prevent 
glucose oxidation, we removed the FAD cofactor that is required for the 
reaction. The absorbance spectrum shows the characteristic shape of the 
coenzyme-free proteins, with a maximum of absorbance at 278 nm due to the 
aromatic amino acid residues. The absence of absorption at wavelengths above 
300 nm indicates the FAD has been completely removed. The fluorescence 
emission spectrum of apo-GO at room temperature upon excitation at 298 nm 
displays an emission maximum at 340 nm, which is characteristic of partially 
shielded tryptophan residues. The addition of 20 mM glucose to the enzyme 
solution resulted in a quenching of the tryptophanyl fluorescence emission of 
about 18 % (data not shown). This result indicates that the apo-GO is still able 
to bind glucose. The observed fluorescence quenching may be mainly ascribed 
to the tryptophanyl residue 426. 

In fact, as shown by X-ray analysis (Figure 5.1) and molecular dynamics 
simulations, the glucose-binding site of GO is formed by Asp 584, Tyr 515, His 
559 and His 516. 
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Figure 5.1. Structure of Glucose oxidase solved by X-ray. 

Moreover, Phe 414, Trp 426 and Asn 514 are in locations where they might 
form additional contacts to the glucose. The intrinsic fluorescence from proteins 
is usually not useful for clinical sensing because of the need for complex or 
bulky light sources and the presence of numerous proteins in most biological 
samples. ANS is known to be a polarity-sensitive fluorophore which displays an 
increased quantum yield in low polarity environments.^"* Additionally, ANS 
frequently binds to proteins with an increase in intensity. We examined the 
effects of GO on the emission intensity of ANS. Addition of apo-GO to an ANS 
solution resulted in an approximate 30-fold increase in the ANS intensity. 

Importantly, the intensity of the ANS emission was sensitive to glucose, 
decreasing of approximately 25 % upon glucose addition (Figure 5.2). 

TheANSwasnotcovalentlyboundtothe protein Addition of glucose resulted 
in a progressive decrease in the ANS fluorescence intensity. This suggests that the 
ANS is being displaced into a more polar environment upon binding glucose. 
The decreased ANS intensity occurred with a glucose-binding constant near 10 
mM, which is comparable to the KD of the holoenzyme. Since the binding 
affinity has not changed significantly, one can suggest that the binding is still 
specific for glucose. 

Intensity decays of ANS-labeled apo-GO in the presence of glucose were 
studied by frequency-domain fluorometer. Addition of glucose shifts the 
frequency responses to higher frequencies, which is due to a decreased ANS 
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Figure 5.2. Emission spectra of 1,8-ANS-Glucose oxidase in the presence of glucose. 

lifetime (data not shown). The shorter lifetimes of ANS apo-GO in the presence 
of glucose is consistent with the suggestion that glucose displaces the ANS to a 
more polar environment.^^ 

The mean lifetime decreases by over 40 % upon addition of glucose. These 
results demonstrate that apo-glucose oxidase, when labeled with suitable 
fluorophores, can serve as a protein sensor for glucose. 

5.3. THERMOSTABLE GLUCOSE DEHYDROGENASE FROM 
THERMOPLASMA ACIDOPHILUM 

The widespread use of proteins as sensors depends on protocols to enhance 
their stability, such as introduction of changes in the amino acid composition 
leading to enhanced protein structural stability.^^ An alternative method is to 
use naturally thermostable enzymes or proteins isolated from thermophilic 
microorganisms: these macromolecules have intrinsically stabile structural 
features^^ and they can be considered as ideal biosensors. 

Glucose dehydrogenase (GD) from the thermoacidophilic archaeon 
Thermoplasma acidophilum is a tetramer of about 160 kDa composed of four 
similar subunits of about 40 kDa each. The enzyme shows a KD value of 10 mM 
for glucose, and it is resistant to high temperatures and organic solvents. At 55 
°C, fiiU activity is retained after 9 hours, and at 75 ^C the half-life is 
approximately 3 hours. Moreover, incubation of the enzyme for up 6 hours at 
room temperature with 50 % (v/v) methanol, acetone or ethanol results without 
any appreciable loss of activity.^^ We examined the potential of this 
thermostable GD as a glucose sensor. The enzyme catalyzes the following 
reaction: 
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Glucose + NAD(P)^ gluconate + NAD(P)^ + H^ 

To prevent the glucose oxidation we used the apo-form of GD, that is the 
enzyme without the cofactor which is required for the reaction. We found that 
the apo-GD still binds glucose with an affinity comparable to the holo-enzyme. 

However, GD from Thermoplasma acidophilum is a thermophilic protein 
and can be expected to be rigid under mesophilic conditions. We knew that 
thermophilic proteins often display increased activity at higher temperatures or 
in the presence of non-polar solvents,^^ which are conditions expected to 
increase the protein dynamics. Addition of acetone to the solution containing 
ANS and GD resulted in a dramatic increase of the ANS intensity as well as in a 
blue-shift of the emission maximum. Addition of similar amounts of acetone to 
ANS in the absence of the protein produced modest fluorescence increase. 
Hence the increase in the ANS intensity reflects a change in the local protein 
environment which is due to acetone. To be useful as a glucose sensor the ANS 
labeled GD must display usefully large spectral changes in the presence of 
glucose. Addition of glucose to ANS-GD in the presence of 3 % acetone 
resulted in an approximate 25% decrease in intensity (Figure 5.3). 

This seemed to be the optimal acetone concentration because smaller 
spectra changes were seen at lower and higher acetone concentrations (data not 
shown). Apparently at higher acetone concentrations the ANS is already in 
an environment which results in much of the possible increase in quantum 
yield. At lower acetone concentrations the environment surrounding the ANS 
changes in response to glucose in a manner which increases the ANS intensity. 

0,00 

0 mM Glucose 1,8-ANS-Glucose dehydrogenase 
in the presence of 3% Acetone 

400 500 600 

Wavelength (nm) 

700 

Figure 5.3. Emission spectra of 1,8-ANS-Glucose dehydrogenase in the presence of 3% Acetone. 
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In previous reports we described the value of fluorescence lifetimes as a 
basis for chemical sensing.^^ Hence we questioned whether the glucose-
dependent decrease in intensity would be accompanied by a similar change in 
the ANS decay time. Glucose induces a modest shift in the response to higher 
frequencies, which indicate a decrease of the mean decay time. In the presence 
and in the absence of glucose the multi-exponential analysis (not shown) 
indicates that the decay is dominated by a sub-nanosecond component whose 
contribution is increased by glucose. However the changes in the intensity 
decay, or equivalent the phase and modulation, are not adequate for lifetime-
based sensing. In the preceding discussion we interpreted the results in terms of 
a change in the protein environment caused by glucose. However, it is also 
possible that the changes are due to a difference in the amount of protein-bound 
ANS due to glucose. These preliminary data are not adequate to distinguish 
between these possibilities. 

In a previous report we described the use of polarization sensing for 
systems which display changes in intensity, but not lifetime, in response to 
analytes.^^ Because the intensity changes of ANS-GD in response to glucose are 
modest, it is important to carefully select the best conditions. 

Emission polarized spectra of ANS-GD at various concentrations of 
glucose were performed. The polarization decreases at higher glucose 
concentrations because the emission from this solution is observed through the 
horizontal polarizer. Moreover, the change in polarization is larger at shorter 
wavelengths, and this is due to the differences in the emission spectra of 
reference (ANS in buffer) and sample (ANS+GD) The wavelength dependent 
changes in polarization were used to create a calibration curve for glucose (data 
not shown). This curve shows that the present ANS-GD system can yield 
glucose concentrations accurate to about 2.5 mM, at a glucose concentration 
near 20 mM (data not shown). 

5.4. A FLUORESCENCE COMPETITIVE ASSAY BY USING THE 
STABLE GLUCOKINASE 

The structure of the hexokinase A from yeast has been determined by x-ray 
diffraction both in the absence and in the presence of glucose (Figure 5.4).̂ '̂̂ ^ 

The polypeptide chain of 485 amino acid residues in the yeast protein is 
folded into 2 distinct domains, a smaller N-terminal domain and a larger C-
terminal domain. From the high-resolution crystal structures of the enzyme is 
evident that in the absence of ligand, the two domains are separated by a deep 
cleft. This cleft represents the enzyme active site. It is in this region that the 
enzyme binds the substrate. In particular, the binding of glucose causes the 
small lobe of the molecule to rotate by 12° relative to the large lobe, moving the 
polypeptide backbone as much as 8", closing the gap between the two domains. 
The domain rotation has two effects: the glucose molecule is buried into the 
interior of the protein and the side chains in the active site are rearranged. 
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Figure 5.4. Structure of hexokinase solved by X-ray. 

Fluorescence spectral data from literature suggest that hexokinase can be 
used as an optical glucose sensor. For instance, glucose binding to the native 
dimer and monomer hexokinase from Saccharomyces cerevisiae was monitored 
by following the concomitant quenching of the protein fluorescence.^^'^"^ This 
enzyme possesses four tryptophan residues that can be classified as two surface 
residues, one glucose-quenchable residue in the cleft, and one buried. The 
maximal quenching induced by glucose was about 25 % and the concentration 
of glucose at half-maximal quenching was 0.4 mM for the monomeric form and 
3.4 mM for the dimeric one.̂ '̂̂ '* 

For use as a probe for a sensor a protein should have long term stability. 
Unfortunately, yeast hexokinase and human hexokinase are unstable and 
quickly loose activity at room temperature. Thermophilic micro-organisms 
produce enzymes with unique characteristics such as high temperature-, 
chemical-, and pH-stability. These enzymes are already in use as bio-catalysts 
in industrial processes.^^ A glucokinase from the thermophilic organism 
Bacillus stearothermophilus has been characterized and it is known to display 
long term stability.^^ Hence we evaluated the use of this glucokinase (BSGK) in 
the absence of ATP as a glucose non-consuming glucose sensor. This protein 
has already been used as an active enzyme in glucose assays.^^ 

In order to check the stability properties of BSGK, we incubated a solution 
of the enzyme (enzyme concentration 1.0 mg/mL) at room temperature. 
Enzyme aliquots were withdrawn and the enzyme activity as well as the 
fluorescence intensity were monitored. 

Yeast hexokinase loses activity over several days and the fluorescence 
intensity simultaneously decreases. In contrast BSGK loses no activity over two 
weeks at room temperature and the fluorescence intensity remains constant 
(data not shown). Hence BSGK is a good candidate for a glucose sensing probe. 

BSGK has a single cysteine residue located near the active site.^^ We 
labeled the residue with a sulfhydral-reactive fluorophore lA-ANS. The 
emission of the labeled protein was near 460 nm (data not shown). The intensity 
of the ANS-labeled protein decreased upon addition of glucose (data not 
shown). The decreased intensity is consistent with displacement of the 
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water-sensitive ANS into the aqueous phase upon binding glucose. The change in 
intensity occurs at a glucose concentration near 3 mM, which is comparable to 
the concentration of glucose in blood. The important conclusions from these 
observations is that BSGK binds glucose in the absence of ATP and can thus 
serve as a non-consuming glucose sensor. 

For highly accurate glucose measurements we were not satisfied of the 
magnitude of the intensity change. We examined the fluorescence lifetimes to 
determine if a change occurred upon glucose binding. Unfortunately, ANS-
labeled BSGK displayed no change in lifetime upon glucose binding. Hence we 
considered alternative methods to use BSGK as a glucose sensor. 

Resonance energy transfer (RET) reliably occurs whenever fluorescent 
donors and acceptors are in close proximity. We developed a method to use 
RET to develop a competitive glucose assay. To demonstrate the feasibility of a 
competitive glucose assay we used the unmodified protein and its intrinsic 
tryptophan emission as the donor. As the acceptor we used glucose containing 
the absorbing nitrophenyl group, ONPG. Addition of ONFG (3 fxM) resulted in 
an approximate 80 % decrease in the tryptophan intensity. Addition of glucose 
resulted in the recovery of the fluorescence intensity. At about 6 mM glucose 
concentration fluorescence intensity returns to its initial value before addition of 
ONPG.̂ ^ Further addition of glucose does not change the fluorescence signal. 
The fact that the intensity was sensitive to glucose demonstrates that the 
intensity changes are due to a binding event and not to trivial inner filter effects 
from ONPG.̂ ^ 

In recent publications we addressed the problem of obtaining reliable 
intensity measurements for sensing which could be used in the absence of 
useful changes in lifetimes. Polarization sensing is accomplished by 
constructing a sensor such that a stable intensity reference is observed through 
one polarizer and the sample is observed through a second orthogonal polarizer. 
In this case as reference we used a BSGK solution, which can be expected to 
display similar temperature, time or illumination dependent changes as the 
sample. To optimize the sensor response the reference intensity was about 65 % 
of the sample response, as calculated for the expected 2-3-fold intensity change. 
This reference is observed through a horizontally oriented polarizer.^^ The 
sample contains BSGK, ONPG and various concentrations of glucose, and is 
observed through a vertically oriented polarizer. The emission from both sides 
of the sensor is then observed through a vertically and horizontally oriented 
polarizer in order to measure polarization of the system. Figure 5.5 shows the 
observed polarization of the system for BSGK + ONPG and different glucose 
concentrations. An advantage of polarization measurements for sensing is that 
they are self-normalized and thus independent on the overall intensity of the 
sensor. 

The results shown above demonstrate that a thermostable glucokinase can 
serve as a glucose sensor. Additional studies are needed to obtain a BSGK-
based sensor which displays larger spectral changes. For example, we are 
hopefiil that BSGK labeled with fluorophores other than lA-ANS will display 
larger intensity changes, spectral shifts or changes in lifetime. The results in the 
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Figure 5.5. Effect of glucose on the polarization spectra of Glucokinase in the presence of ONGP 

competitive RET are especially interesting because RET is a through-space 
interaction which occurs whenever the donor and acceptor are within the Forster 
distance (Ro), and does not require a conformational change and/or a change in 
the probe environment. For these reasons we are confident that BSGK can be 
used with longer wavelength donors and acceptors to develop practical glucose 
sensors for use in diabetes health care. Since the measurements through the skin 
can be easily performed by using a red laser diode or a light emitting diode 
(LED) as an excitation source, one may envision a polarization based device 
with an external calibrated standard that will allow noninvasive glucose 
determinations. The main advantage of using this method is the obtainment of 
ratiometric polarization measurements that are not influenced by light instability 
and sample perturbation. 

5.5. CONCLUSIONS 

The results described represent our first attempt to use inactive forms of 
enzymes as glucose sensor. Larger glucose-dependent spectral change would 
increase the accuracy of the glucose measurements. In spite of these difficulties 
we feel that our system demonstrates a usefiil approach to sensing. Our results 
suggest that the enzymes which use glucose as their substrate can be used as 
reversible and non-consuming glucose sensors in the absence of required co-
factors. The possibility of using inactive apo-enzymes for a reversible sensor 
greatly expands the range of proteins which can be used as sensors, not only for 
glucose, but for a wide variety of biochemically relevant analytes. Hence one is 
no longer limited to use signaling proteins which bind the analyte without 
chemical reaction. The need for acetone may be eliminated by selecting proteins 
which are less thermophilic. The proteins can be engineered for covalent 
labeling by insertion of cysteine residues at appropriate locations in the 
sequence. The glucose induced spectral changes may be larger with other 
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polarity sensitive probes or by the use of RET between two fluorophores on the 
protein. In summary, apo-enzymes appear to be a valuable source of protein 
sensors. 
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MICROCAPSULES AS "SMART TATTOO'' 
GLUCOSE SENSORS: ENGINEERING SYSTEMS 

WITH ENZYMES AND GLUCOSE-BINDING 
SENSING ELEMENTS 

Michael J. McShane^ 

6.1. THE "SMART TATTOO" CONCEPT 

Though not obvious as a noninvasive tool due to the need for 
introduction of exogenous indicator materials, recent research has advanced 
concepts that may lead to application of fluorescence spectroscopy to 
noninvasive biosensing.^"^ Key efforts have focused on developing carriers for 
glucose assay chemistry that physically restrict the transduction molecules yet 
allow sufficient transport of glucose. The ultimate goal is then to implant these 
devices (AKA "smart tattoos") in the skin, where they would be exposed to 
interstitial fluid, respond to local changes in glucose that correlate with blood 
levels,"̂ '̂  and be "viewed" from the surface of the skin using optical 
instrumentation to excite and measure fluorescence (Figure 6.1). 

Figure 6.1. Illustration of "smart tattoo" concept: implantation, interrogation, and readout. 
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A number of desirable features for "smart tattoos" can be identified.^'^ 
First, and foremost, the materials used must be sufficiently biocompatible to 
avoid severe acute or sustained long-term host response to the implant. An 
acute inflammatory response to the implant is expected due to local tissue 
trauma during the procedure, though the steady-state response should be limited 
to minimal fibrous tissue formation, and activation of the immune response by 
antibodies recognizing foreign material must be avoided. Generically, this 
response is determined the surface properties of the implant^ and, so long as the 
contents are not released or degraded over time, a stable interface will be 
formed between the implant surface and the host. The purity of the materials 
used in sensor fabrication can be a key factor in determining biocompatibility. 

A second key property of tattoo systems is a strong, sensitive, 
reversible, and fairly rapid response. These terms are given together because 
the fluorescence signal from the implant must be measurable, must change 
significantly over the range of interest for the system, and must accurately 
reflect the current glucose levels to be usefiil. Neglecting the influence of the 
optical instrumentation employed, this essentially requires a combination of 
properties: adequate amounts of fluorophore with high quantum yield, use of 
wavelengths with sufficient penetration depth for tissue, and an assay that 
produces large percentage change from baseline measurements over the range 
of interest. Ideally, a linear response that produces a 2-10 times change in the 
measurand (e.g. intensity ratio, wavelength, lifetime) over the 0-600mg/dL 
range could be achieved with a sub-minute response time. However, even 
nonlinear profiles and response times on the order of a few minutes, sufficiently 
short to accurately reflect details of blood glucose excursions, would be 
sufficient if glucose could be measured with error <10%.^ 

A third desired characteristic of fluorescent glucose sensor implants is 
a stable assay response. Changes in sensitivity and signal levels due to 
denaturation of protein elements or photobleaching can be compensated, to a 
degree, by calibration. However, the main attractive feature of the smart tattoo 
is the noninvasive measurement, which loses appeal if frequent readjustments 
using blood samples as known values are required. Thus, it is desirable to use 
maximally photostable elements and an environment that stabilizes proteins 
against irreversible conformational changes. In this case, synthetic systems 
such as boronic acid '̂̂ ^ or molecularly imprinted polymers are 
advantageous,^^'^^ though they may also exhibit drift in sensitivity with ionic 
strength and pH.̂ ^ 

Specificity is a key aspect of sensors in general, and this is a prime 
reason for great attention given to enzymatic transduction schemes for 
electrochemical and other sensor types. However, it can be generally stated that 
specificity need only be defined in terms of what will be encountered in 
extremes of normal operation. For example, specificity to glucose is desired in 
a glucose sensor, but since other sugars are not expected to be present in high 
levels within interstitial fluid, the response to glucose need only be such that the 
glucose sensitivity is minimally affected by the presence of potential 
interferents at their maximum expected physiological levels. Thus, while 
sensors that demonstrate high specificity for glucose over other sugars or 
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potentially interfering species are attractive, sensors exhibiting low specificity 
should not be excluded from consideration in tattoo systems on that basis alone. 

Another attribute desired in implants is minimal or zero consumption 
of analytes and minimal or zero byproduct formation. Enzymatic systems, 
while attractive because of specificity and potential for high sensitivity, 
generally consume glucose and co-substrates, decreasing the local levels, while 
producing other species that may have deleterious effects on the sensors or the 
surrounding tissue. For example, gluconic acid and hydrogen peroxide are 
typical products of glucose oxidation. ̂ "̂  These can affect sensors through 
several means, including: 1) changing enzymatic activity due to reversible pH-
induced conformational alterations; 2) changing fluorescence signals from 
slightly pH-sensitive fluorophores; 3) irreversible degradation of enzyme due to 
cleavage of peptide bonds by peroxide; and possibly other mechanisms. 
Damage to surrounding tissue caused by removal of key nutrients (oxygen, 
glucose) or production of toxic materials (acid, peroxide, reactive oxygen 
species, etc) must also be avoided. Thus, careful consideration must be given to 
consumption and production and appropriate design features used to reduce or 
eliminate their influence on the sensor and host. Tattoo materials based on non-
consuming glucose-binding reactions (e.g. Concanavalin A,̂ ^ boronic acid,^' ''^ 
glucose/galactose binding protein, and apo-enzymes^^) are advantageous in this 
regard. 

Smart tattoos, because of their intended location in dermal tissue, must 
have optical properties that enable interrogation with reasonable signal-to-
noise ratio. This essentially requires that the implant materials have excitation 
and emission in spectral regions that can be probed with low-cost 
instrumentation, while still allowing sufficient penetration of excitation light to 
elicit strong signals and collection of emitted photons at the skin surface. Given 
the reasonably well-understood optical properties of skin,̂ '̂̂ ^ the ideal range for 
optical communication with smart tattoos is in the long wavelength visible and 
near-infrared region, for example 600-lOOOnm, due both to decreased scattering 
and the minimal absorption by tissue chromophores and water. However, it has 
been shown that even shorter wavelengths can be feasibly used with an 
appropriately-designed instrument, even for steady-state measurements;^ 
improvement in SNR can be expected when modulated light or phase lifetime 
methods are employed. 

The final desired feature for smart tattoos to be discussed here is 
reliable, repeatable fabrication. As with any device, particularly those for 
medical use, quality control is a key. This is particularly true for small-scale 
systems, and even more so for those for which function depends directly and 
sensitively on size, shape, and composition. Tattoo materials requiring delicate 
balance between diffusion and reaction will require careful control over 
assembly to achieve the necessary configuration and dimensions, as discussed 
in later sections. 

Use of competitive-binding reactions requires free movement of 
molecules within a restricted range such as can be obtained with dialysis 
membranes.^ '̂̂ ^ However, using relatively large hollow membranes has 
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drawbacks in production, fouling, and mechanical stability. Use of polymeric 
matrices where the movement of molecules is physically restricted has shown 
promise, but issues of response time and reversibility persist. Thus, while the 
concept of implantable fluorescent sensors is attractive, realizing this goal 
remains a challenge. 

Microcapsules with precisely controlled properties offer promise to 
solve a number of existing problems in creating smart tattoo systems. The 
remainder of this chapter will focus on nanoengineered microcapsules as a 
platform for developing glucose-sensing smart tattoos, including both 
enzymatic and non-enzymatic transduction approaches. Before discussing the 
details of sensor construction and performance, an introduction to layer-by-
layer self assembly, a versatile process used to produce microcapsules with 
finely tuned properties, is provided. 

6.2. LBL NANOFILMS AND POLYELECTROLYTE 
MICROCAPSULES 

Layer-by-layer self-assembly (LbL) of multilayer films involves the 
construction of complex composite materials with nanoscale precision in film 
thickness, one layer at a time, enabling the development of novel structures and 
devices with properties tailored by controlling the molecular makeup and 
arrangement.^ '̂̂ ^ Early fundamental studies of multilayer assemblies on planar 
substrates demonstrated the practicality and versatility of the approach, ^ and 
the process has been developed and extensively studied over the last decade for 
a wide variety of synthetic and natural materials.̂ "^ This has included further 
investigation into the internal structure and composition of LbL films, including 
dynamic and long-term interactions between film components, solvents and 
solute, especially transport properties.^^ 

LbL has recently been reviewed extensively,^^ and therefore will only 
be introduced here in the context of constructing glucose biosensors. The LbL 
process is general, relying primarily on the attractive force between oppositely 
charged molecules; the principal idea of the method consists of the resaturation 
of polyion adsorption, resulting in the altemation of the terminal charge after 
every subsequent layer deposition (see Figure 6.2). Materials employed in the 
assembly process range from charged polymers ("polyelectrolytes" or 
"polyions") to proteins, dyes, and semiconductor nanoparticles.^^'^^ Each layer 
has a thickness on the order of a few nanometers, and this thickness is 
controllable through careful selection of materials and reaction parameters. 
Furthermore, the composition of films can be engineered through the sequential 
deposition of different materials; thus, complex film architecture may be 
achieved through a common process without need for complicated chemistry. 
Thus, the LbL method provides a practical procedure for building precisely 
engineered nanocomposite films in the range of 5-1000 nm, with a precision 
better than 1 nm and a definite knowledge of molecular composition. The 
procedure has also been elaborated to demonstrate the fabrication of 
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three- dimensional layered structures by using charged substrates with micrometer 
and nano-meter dimensions?^'^^ Specifically, microspheres and nanoparticles have 
been extensively studied because of the wide availability and attractive surface 
properties of spherical particles. Functional nanocomposite films can be 
deposited on these carriers, which are attractive for controlling biocatalytic 
reactions and other interfacial phenomena due to the high surface-to-volume 
ratio.^'-^" 

In the past several years, a technique for fabrication of hollow 
micro/nanocapsules has been developed using an extension of the 
polyelectrolyte layering process applied to colloids. Subsequent to deposition 
of coatings comprising charged molecules around the templates, the core 
material is removed using organic solvents or chemical etching to achieve 
hollow shells (Figure 6.2).̂ '̂̂ -̂̂ ^ The method is very versatile, and shell 
properties can be controlled: inner diameters are dependent upon the size of 
templates used for assembly, wall thicknesses can be controlled precisely to 
within a few nanometers, and walls may be constructed using a diverse 
selection of charged molecules (polyelectrolytes, proteins, dyes, inorganic 
particles, copolymers, etc.).^^ The versatility in construction of these tiny 
capsules and control over their properties makes them attractive for use in 
sensor applications, specifically those in which encapsulation of active 
molecules and control over transport properties are critical to proper function. 

Building upon the possibilities afforded by coating micro/nanoscale 
templates with functional materials such as enzymes and dyes, sensors for 
chemicals and biochemicals are being developed as tools for biological 
research, medical diagnostics and monitoring, and biodefense applications. 
Using nanoparticles coated with fluorescent materials and microcapsules loaded 
with indicator chemistry, ratiometric nanoscale probes have been developed for 
intracellular and extracellular measurements of ions and oxygen.̂ '̂"̂ ^ These 
micro/nanodevices have advantages over standard liquid-phase small molecule 
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Figure 6.2. Schematic illustration of layer-by-layer nanofabrication process: (top) applied to planar 
templates and (bottom) applied to colloidal templates to create hollow microcapsules. 
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indicators in that they provide a protective package for the chemistry, separating 
the dyes from the biological environment and, in doing so, reducing nonspecific 
responses, dye-protein binding, and toxic effects. In addition, the 
immobilization of the indicators within the nanofilms provides physical linkage 
with reference fluorophores, allowing constant ratiometric monitoring without 
large shifts in calibrations otherwise seen. By coupling the chemical 
nanosensors with an enzyme nanoreactor,̂ '̂̂ "^ a second class of sensors may be 
realized, using direct monitoring of co-reactants or products as an indirect 
means of determining the concentration of other substrates. 

6.3. GLUCOSE SENSORS FROM NANOENGINEERED CAPSULES 

Microcapsules based on the layer-by-layer assembly technique were 
recently discussed as potential candidates for glucose-sensing smart tattoo 
systems."^^ Such devices may take many forms, though in all cases, it can be 
assumed that the fluorescence assay chemistry must be stably entrapped within 
a carrier vehicle, typically constructed from a natural or synthetic polymer. 
Polyelectrolyte microcapsules present an attractive opportunity to construct 
these carriers, and offer a variety of options in achieving stable immobilization 
of the assay chemistry. Early investigations of the properties of polymer 
capsules revealed that permeability depends directly on the wall 
composition,'* '̂̂ '* and some architectures allow for dynamic control over 
permeability to open and close pores."̂ "̂̂ ^ For example, pH-induced formation 
of pores (-lOOnm) was observed for a combination of strong and weak 
poly electrolytes."^^ Furthermore, changes in solvents have also been shown to 
induce encapsulation."^ '̂̂ ^ 

A more recent development employs a photosensitive cationic resin 
(diazoresin, DAR)̂ "̂̂ ^ to enable photoinduced crosslinking of hollow capsule 
walls by UV irradiation following diffusion loading of capsules,̂ "^ providing a 
more permanent and stable encapsulation. 

Figure 6.3 contains confocal images of such capsules during and after 
loading with TRITC-GOx. While suspended in loading solution, the internal 
and external fluorescence intensities are equal. Following UV-irradiation, the 
capsules were rinsed and resuspended in DI water, and the images of the final 
suspension exhibited strong fluorescence signals from labeled enzyme trapped 
in capsule walls and interior, while no significant fluorescence was observed in 
the external solution. In principle, similar strategies based on chemical, 
thermal, or other crosslinking strategies may also be employed, though it is 
desirable to limit crosslinking to the walls and avoid undesired crosslinking of 
assay components; hence, the DAR-based approach is advantageous. This 
approach, involving entrapment of assay molecules in a hollow capsule, is 
particularly attractive for competitive-binding assays, which require mobility of 
competitive ligands when they are displaced from the glucose binding protein. 
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Figure 6.3. Encapsulation by DAR-induced crosslinking of capsule walls. Left: Capsules in 
TRITC-GOx loading solution, prior to irradiation. Right: Fluorescence from crosslinked DAR 
capsules following UV irradiation, rinsing, and resuspension in DI water. 

Another approach for glucose assay entrapment relies on formation of 
hydrogel microspheres with the sensing chemistry included in the gel precursor. 
For example, formation of microspheres in a water-in-oil (w/o) emulsion has 
been used to trap glucose oxidase in calcium-crosslinked alginate microspheres 
(Figure 6.4, Figure 6.5). While alginate matrices have been studied for Gox 
encapsulation for some time, the primary limitation of these for long-term 
carriers is the leaching of enzyme from the gel. In this case, a nanofilm coating 
is easy to apply (Figure 6.5), serving as a simple and effective barrier to loss of 
encapsulated macromolecules.^^ A number of different material combinations 
are being compared to assess potential for stable immobilization of active 
enzyme.̂ '̂̂ ^ 

Overhead Stirrer @ 5000 rpml 
ultrasonicator/ ultrahomogenizer 

Gellirig Agent 

Gelled 
Microspheres in 
Emulsion 

Harvested Spheres after 
centrifugation 

Figure 6.4. Schematic of microsphere formation via emulsion. 



138 M.J. McSHANE 

Number of Layers 

Figure 6.5. Top left: FITC-GOx loaded calcium-crosslinked microspheres formed by emulsion. 
Top right: Smaller alginate microspheres doped with FITC-GOx and coated with RITC-
poly(allylamine) nanofilm. Bottom: Zeta potentials measured from alginate microspheres during 
formation of nanofilm coating, (see the color insert after p. 429.) 

The diffusion-loaded capsules and emulsion-based systems have 
advantages in stability and ease of use, but are limited in concentrations that can 
be achieved. This may be a more critical limitation for enzyme-based systems, 
in which high enzyme concentrations are required to maintain diffusion-limited 
behavior and extend operating lifetimes when enzymatic activity is lost with 
time. Another possibility that has been studied is the use of charged matrix 
within a polyelectrolyte capsule, where the matrix serves to electrostatically 
adsorb high concentrations of oppositely-charged molecules from the 
surrounding solution. This is illustrated in (Figure 6.6), and demonstrated for 
anionic alginate matrix for attraction of cationic dextran (amino-dextran) in 
(Figure 6.7). The nature of the effect is clearly seen in the uptake of significant 
dextran-amino (SOOkDa), while smaller anionic dextran (77kDa) was excluded 
from the same particles. 
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These examples constitute only a limited view of many possibilities for 
microcapsule-based sensor construction; they show promise for building stable 
systems with entrapped glucose-sensing chemistry and therefore provide 
sufficient basis for discussion of the different sensing systems that can be 
achieved using them. The remainder of this chapter will focus on the assembly 
of systems with different assays in an effort to realize glucose-sensitive 
responses. 

These systems can be divided for discussion based first on the 
interaction with glucose and second based on the transduction employed. For 
purposes of this discussion, interaction options for microcapsule-based smart 
tattoo sensors will be discussed in terms of enzymatic and binding systems, 
followed by examples of prototype sensors employing transduction through 
fluorescence quenching and energy transfer. 

Enzymatic glucose sensing typically relies upon the oxidation of 
glucose driven by glucose oxidase. The reaction is discussed in more detail in 
the following section; here, it is sufficient to note that oxygen is a co-substrate 
with glucose, and both hydrogen peroxide and gluconic acid are produced. 
Fluorescence monitoring of oxygen, discussed below, is typically preferred, as 
it provides an indirect measure of glucose level. Alternatively, pH or peroxide 
could similarly be used. Drawbacks specific to using enzymes include: 1) 
changes in activity over time, leading to drifting calibration curves; 2) 
dependence on local oxygen levels; and 3) consumption of analyte and co-
substrates, accompanied with production of byproducts. Even if these issues 
can be overcome, simply creating a system where difftision and reaction are 
sufficiently balanced for a sensitive response is a difficult task. Because layer-
by-layer self assembly allows deposition of ultrathin polyelectrolyte multilayer 

LbL 
Assembly 

» »^« « « 
* Positively-charged 

« macromolecules 

Figure 6.6. Electrostatic "sponge" encapsulation scheme employing charged matrix in 
polyelectrolyte shell. 
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Figure 6.7. Electrostatic uptake of macromolecules. Left: alginate microspheres coated with 
TRITC-PAH/PSS nanofilms. Top right: same capsules following exposure to TRITC-POx. 
Bottom right: same capsules following exposure to anionic FITC-dextran 500kDa. (see the color 
insert after p. 429.) 

films on the surface of colloidal templates, such a nanofilm coating may be used 
to perform several functions: 1) provide a diffusion barrier to inhibit leaching of 
encapsulated material out of the spheres, 2) provide a transport barrier to slow 
inward diffusion of substrates, allowing control over the response of the sensor, 
and 3) introduce an internal intensity reference complementary to the oxygen-
sensitive fluorophore by the use of polyelectrolyte-fluorophore conjugates, 
allowing ratiometric measurements. 

Figure 6.9 contains an illustration and image of a prototype smart 
tattoo microsphere using this approach; this is further elaborated in the 
following sections. 

Glucose-binding systems offer the advantage of a non-consuming 
approach that does not depend upon other molecules. Examples of glucose-
binding sensors are those using the lectin Concanavalin A (Con A),^^'^^'^^"^^ 

glucose/galactose binding protein (GBP),̂ '̂̂ '* apo-enzymes (e.g. apo-GOx),^^ 
and synthetic systems using boronic acid (BA).̂ '̂ ^ These approaches rely on 
either conformational changes or competitive-binding assays to transduce 
glucose information. In the former case, conformational changes can be 
transduced using environmentally-sensitive fluorophores attached directly to the 
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protein, and fluorescence changes are observed as the dye is exposed to more 
polar environment. An alternative approach is to employ resonance energy 
transfer (RET)̂ '̂̂ ^ by applying dual labels to the protein, such that in one 
conformation the fluorescent tags are close together (more energy transfer) and 
the conformational change induced by binding or dissociating from glucose 
displaces the fluorophores and results in decreased energy transfer. 

Competitive binding assays also typically use RET; in these situations, 
the glucose-binding molecule is labeled with either the donor or acceptor, while 
a competitive ligand (glucose analog) is tagged with the other component of the 
RET pair. In the absence of glucose, the protein binds the ligand and energy 
transfer is increased; in the presence of glucose, the ligand and associated 
fluorophore are displaced and RET is decreased. As an example. Figure 6.8 
illustrates a competitive-binding assay based on the differential affinity of 
TRJTC-apo-GOx for glucose and FITC-dextran, where the energy transfer 
between FITC and TRITC is exploited.^^ It is noteworthy that RET approaches 
are extremely sensitive and inherently ratiometric, both of which are attractive 
for the proposed tattoo systems. 

Smart tattoos using glucose binding approaches would require 
encapsulation of the recognition elements within a biocompatible, semi­
permeable shell. 

Figure 6.9 contains an illustration and images of a prototype glucose 
sensor employing apo-GOx with dextran in a competitive-binding assay. A 
typical disadvantage to these systems is the loss in specificity for glucose, for 
which enzymes are far superior. Furthermore, it is difficult to engineer proteins 
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Figure 6.8. Schematic of a glucose assay based on competitive binding between dextran and 
glucose for binding sites on apo-GOx 
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to have sensitive response in the range of interest for physiological 
measurements, as glucose binding proteins possess glucose dissociation 
constants that fall well below the 1-10 mM range.^^ 

6.4. ENZYME-BASED MICROCAPSULE SENSORS 

While the layer-by-layer self assembly process coupled with other 
chemical production techniques such as emulsification enables the construction 
of a wide variety of microspheres from a seemingly infinite selection of 
materials, creating useful devices that function well at the microscale demands 
careful consideration of the system of interest. In the case of microsphere 
glucose sensors employing enzymes to drive a reaction that will be monitored 
with an oxygen indicator, this requires a balance between reaction 
(consumption) and diffusion (supply) of the co-substrates glucose and oxygen. 
This balance must be engineered to arrive at a measurable signal change for the 
expected glucose concentrations. This section focuses on a model-based 
approach to design of these devices, and concludes with an example of 
prototype sensors made using model output. 

\ Polyanion 

I Polycation 

Dve-filled Capsules= Chemical Sensors 

• Reference Dye 
• Indicator 

Catalytic Biosensor 

I Enzyme 

Competitive-binding Biosensor 

• Labeled Protein 

*' Labeled Ligand 

Figure 6.9. General description of microcapsule-based sensors. Top left: polyelectrolyte capsule, 
hollow or filled with polymer matrix; Top right: capsule filled with indicator and reference dye for 
ratiometric monitoring of a target analyte; Bottom left: enzyme-based microcapsule sensor 
containing enzyme and dyes; Bottom right: microcapsule sensor employing competitive-binding 
FRET assay, comprising glucose-binding protein labeled with acceptor and glucose analog labeled 
with donor, (see the color insert after p. 429.) 
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6.4.1. Design of Sensors through Mathematical Modeling 

This section discusses the design of a functional glucose sensor using 
microcapsules containing an enzyme. While the presentation will focus on the 
glucose oxidase reaction, it is noteworthy that similar treatment may be given to 
other enzymatic reactions, so long as the appropriate rate constants and 
diffusion coefficients can be estimated. To begin with, a basic understanding of 
the reaction that occurs is necessary. The reaction scheme for a system 
involving glucose oxidase is 

A + E <—p^—> Xj —^^-^ F + gluconate 

where ku ki, h, 4̂ and k.u k.^, are the forward and reverse reaction rate 
constants, respectively, A and C are primary and co-substrates (glucose and 
oxygen), F and E are the reduced and oxidized form of the enzyme, and Xx and 
X3 are the complexes formed in binding of enzyme with the substrates (glucose 
and oxygen, respectively). From this reaction scheme, a total of six reaction 
equations must be used to describe the entire system in 1-D space (z), where the 
supply of substrate is assumed to occur via diffusion with DA and Dc being the 
coefficients for glucose and oxygen, respectively: 

— = D,^-k,AE + k,X, 

dt " dz" 

— = Dc^-k,CF+k,X, (2) 

BE 
^— = -LAE + k ,X,+k,X, 
dt ' - 1 1 4 2 

— = k,X,-k,CF + k,X, 
^ ^ 2 1 3 - 3 2 

£±± = k,AE-(k_,+k,)X, 

dX ̂  = k,CF-(k_, + k,)X^ 
dt 

To simplify this description into a more manageable set of expressions, several 
steps must be taken. First, it can be noted that the total enzyme concentration in 
the system E, is constant at £ , = £ ' + F + X, + X2. Then, assuming that the 
formation and dissociation of intermediate complexes (Xu X^) occur very 
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rapidly, such that ^^» = ^^2 ^ ^ _ Q (the pseudo-steady-state assumption)/^ 
dt dt dt 

the system is simplified to two coupled differential equations with intuitive 
nomenclature 

^ = D,^-R^iC^,Co,E,) (3) 
dt or 

dC d^C 

where Co and Co are the concentrations of glucose and oxygen, DG and DQ are 
the diffusion coefficients for glucose and oxygen, RG and RQ are the forward 
reaction terms for glucose consumption (k^CGE — k_^X^) and oxygen 

consumption (k^CQp — k_^X2), respectively. In this equation, the 1-D 

coordinate z has been transformed to spherical coordinate r, the radial distance 
from the center of a sphere, to facilitate direct application to the geometries of 
interest (microspheres/capsules). The reaction terms can be described by the 
following reduced terms: 

Kk,C,EXk-,^k,) . (4) 

{k_, + it, + k,Co)Kk,C^ + lkC^ik^Ca^k_,-^k,)lk_,^k,-k,] 
k_,+k. 

Thus, the two differential equations can be solved simultaneously to 
compute the distribution of glucose and oxygen in time and space if appropriate 
initial conditions (IC) and boundary conditions (BC) can be applied. To use 
these mathematical models to predict the behavior of microsphere-based 
enzymatic sensors, the structure in Figure 6.10 was used to develop IC and BC 
assumptions. 

Using this basic model, the boundary conditions and material 
properties may be varied to evaluate the potential of microcapsules of different 
architecture to produce a measurable change in oxygen levels in proportion to 
glucose concentration. The absolute dimensions and physico-chemical 
properties may be easily modified by changing sphere size, nanofilm 
thicknesses, enzyme concentration, and diffusion constants. A few exercises 
will demonstrate the potential of this approach. For each of the following cases, 
these assumptions will define the system properties: (1) enzyme is 
homogenously distributed throughout the matrix, but none is in the nanofilm; 
(2) the matrix and nanofilm are homogenous and have constant, but different 
diffusion coefficients for glucose and oxygen; (3) enzyme activity is constant, 
unaffected by spontaneous or I^ Q -mediated deactivation or pH shifts; (4) the 
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Figure 6.10. Schematic for simulations: spherical architecture with internal sphere containing 
homogenously distributed enzyme and fluorescent indicators; ultrathin films coating of variable 
composition and thickness. The fluorescent indicators are co-localized with the enzyme within the 
sphere, as this is where the greatest changes in oxygen concentration occur. The polyelectrolyte 
layers surrounding the microsphere act as a barrier to prevent outward diffusion of enzyme and 
fluorescent indicator, and to limit inward diffusion of substrate. A transport barrier to further limit 
substrate transport, or biocompatible coating, may be applied to the outer surface. 

bulk concentration of oxygen remains constant at 250|iM; (5) the bulk 
concentration of glucose does not change after the initial step increase at ^ 0 ; 
(6) a sample containing a single sphere will behave the same as one with many 
spheres (the model will simulate only one). For the boundary conditions, the 
following assumptions are also applied: (1) concentration of substrates is 
constant at boundaries; (2) flux at r=0 is zero. 

This model can be used to predict sensor performance and determine 
appropriate combinations of materials and geometries that can yield useful 
devices. A typical analysis approach is to apply a step change in glucose 
concentration, then follow the depletion of oxygen until a steady-state situation 
is reached. In this case, it is assumed that oxygen is equilibrated within and 
outside of the sphere, and the change in glucose results in enzymatic catalysis, 
which involves consumption of both oxygen and glucose. At some point in 
time, a balance is reached between the diffusion and consumption of oxygen 
and glucose, and it is this steady-state situation in which glucose can be 
effectively monitored with oxygen probes. 

A detailed explanation of the model is provided elsewhere;^^ here, the 
output of simulations using the model are used to describe the expected 
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functional properties of enzyme-loaded microspheres with nanofilm coatings 
that may potentially be used for glucose sensing. Examples of system 
characteristics are given below using the following parameters, unless 
otherwise, noted, with constants derived from literature on glucose oxidase, 
alginate, and polyelectrolyte nanofilms: 

ki =10^M-lsec-^ 
k.i = 3x lO^sec"^ 
k2 = 300 sec'^ 
Km (for glucose) = 33 mM 

k3=10^M-^sec"^ 
k.3= 150 sec-1 
k4 = 50 sec'̂  
Km (for oxygen) = 0.2 mM 

Co = 250 |iM 
Cg = 0 - 30 mM 
Et=10mM 
ri=20 |im 

D( Gsphere = 4 x 10 cm sec" 
Dosphere = 2.45 X 10"̂  cm^ sec"' 
D, = 6.8x 10"^cm^sec'^ 
Dofiim = 9.87 X 10"̂ ^ cm^ sec"̂  

Gfilm 

Also, excepting the last set of simulations, the total nanofilm thickness was set 
to 16nm, corresponding with approximately two bilayers of PAH/PSS coating 
on alginate spheres. 

An example of how the model is applied to simulating the properties of 
the microsphere systems is now given. First, Figure 6.11 contains plots of 
oxygen and glucose concentration profiles in the sphere, in time and space, after 
a 30mM step input of glucose. From these graphs, several important 
observations can be made. A steady-state distribution of both oxygen and 
glucose is achieved within a few seconds from the step change in glucose level. 
This rapidly-equilibrated distribution contains oxygen concentrations that 
decrease smoothly from the bulk value at the internal surface of the nanofilm 
coating to zero near the center of the sphere. The spatial concentration profile 
evolves very quickly to this curved shape due to rapid catalysis resulting from 
the large glucose concentration present immediately after the step. Between 
one and two seconds after the step is applied, the system reaches a steady-state 
situation where the internal oxygen profile possesses a similar shape, but does 
not completely drop to zero. This situation is due to the constant balance 
between diffiisional supply and enzymatic consumption of oxygen and glucose. 
For glucose, a smooth profile is seen when looking at the time axis, whereas a 
very sharp drop is observed from the edge of the sphere inward for all points in 
time. This is due to the small glucose diffusion coefficient of the nanofilm 
coating, and the immediate reaction of glucose with the enzyme upon entering 
the matrix. 

Several key observations may be made by consideration of these data. 
First, the step change in glucose is artificial and physically unrealistic; while a 
step change in ambient glucose concentration could be approximated by rapid 
addition and mixing, applying such a rapid increase throughout the interior of a 
sphere is not possible. Second, it is important to keep in mind that the shape 
and magnitude of these distributions are dependent upon the absolute size of the 
sphere as well as the transport coefficients. 
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Figure 6.11. Time-dependent oxygen and glucose concentration distributions in microspheres due 
to glucose step changes. Note that the graph axes have different orientations to aid in observing 
important features. 

It is also important to note that these plots versus time are not 
particularly useful for dynamic modeling at this stage, but simply provide 
insight into the time required to achieve steady-state balance for each step input, 
such that the simulations for steady-state conditions can be properly 
constructed. From the graphs in Figure 6.11, it appears that a 40|im diameter 
alginate sphere containing lOmM glucose oxidase and coated with a 16nm 
PSS/PAH nanofilm reaches steady-state within two seconds following 
application of the step. To more clearly define the temporal response of the 
system to steps of varying magnitude, additional simulations for glucose 
concentrations between 0 and 30 mM were performed. 

Figure 6.12 contains graphs of the time course of oxygen and glucose 
concentrations at different points within the sphere, following each step 
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addition of glucose. From these graphs, it can be seen that both oxygen and 
glucose reach a steady state level in the sphere interior within two seconds after 
the step is added. As noted in the discussion of Figure 6.11, oxygen levels 
initially drop rapidly, then rise as oxygen is replenished through difftision. 
Figure 6.12 (a and c) makes it clear that, if such a step in glucose levels could 
be achieved, the system would be limited by oxygen for a time, and all oxygen 
arriving through diffiision would immediately be required for the oxidation 
reaction due to high glucose levels initially present in the sphere. Then, the 
excess glucose is consumed and the reaction becomes controlled by the 
diffusion rate of glucose into the sphere. This fact is evident from the different 
steady-state levels of glucose and oxygen that are reached for different glucose 
concentrations. It is noteworthy that the time required to reach steady-state 
conditions also depends on the magnitude of the glucose step applied; higher 
concentrations require more time to stabilize. In all cases, for the glucose range 
studied (0-30mM), steady-state inside of the sphere is achieved within 1.5 
seconds. This is true for deep {r=rxl2) (Figure 6.12), a and b) and superficial 
regions {r=rx) (Figure 6.12), a and b), though the absolute values for the 
concentrations are higher closer to the surface. 
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Figure 6.12. Oxygen (top left) and glucose (top right) temporal concentration profiles at r=ri/2; 
oxygen (bottom left) and glucose (bottom right) temporal concentration profiles at r=ri. The insets 
ft)r glucose are exploded views of glucose levels 1.5-2 seconds ft)llowing step addition, (see the 
color insert after p. 429.) 
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This leads to a consideration of the steady-state concentration profiles 
expected within the spheres. For the proposed enzymatic tattoo sensors, an 
indicator dye must be embedded within the sphere matrix to monitor oxygen, 
and therefore an understanding of the situation the molecular probe will 
encounter is essential. In particular, it is desirable to predict and optimize the 
difference in internal oxygen levels such that measurable differences can be 
achieved for the glucose range of interest. To assess the expected performance 
for the same microcapsule systems, the same simulations used to construct the 
graphs in Figure 6.12 were used to predict the spatial profiles for glucose and 
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Figure 6.13. Steady-state spatial profiles for oxygen and glucose within spheres due to step inputs 
of glucose from 0-30 mM. (see the color insert after p. 429.) 
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oxygen under steady-state conditions (t>2 seconds). The plots confirm the 
expected glucose diffusion-limited behavior, where the concentration of both 
analytes decreases from the bulk level when moving from the surface to the 
center. Oxygen levels are maintained at intermediate concentrations, whereas 
glucose levels drop to zero as the diffusing molecules are oxidized. However, it 
is clear that higher bulk glucose concentrations result in deeper penetration and 
higher standing glucose profiles, due both to higher flux and saturation of 
surface enzyme, allowing glucose to diffuse to deeper regions to react with 
accessible glucose oxidase. These profiles represent a nearly ideal situation for 
monitoring the entire 0-30 mM glucose range due to the even spacing of oxygen 
levels (near-linear response). 

Since monitoring with these devices would occur with an indicator 
distributed within the sphere, it is usefiil to plot the volume-averaged oxygen 
concentration versus glucose concentration as a predictor of the response of the 
system. Figure 6.14 contains such a graph, for which the average steady-state 
oxygen concentration for several situations has been calculated. First, for the 
structures used to simulate the previous situations (40^m diameter sphere with 
16nm coating), the predicted change in oxygen versus glucose is highly linear 
across the range of glucose levels considered, dropping from the bulk oxygen 
level (no glucose) to approximately 50|iM in the presence of 30mM glucose. 
This represents a near-ideal case in which a high sensitivity is nearly constant 
over the entire range of glucose levels. The graph also includes, for purposes of 
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Figure 6.14. Steady-state sensitivity to glucose for microspheres with different nanofilm thickness, 
(see the color insert after p. 429.) 
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comparison, the expected response for uncoated microspheres, as well as 
spheres with thinner and thicker coatings of the same material. 

This plot demonstrates clearly the utility of the nanofilm coating, 
which provides a critical diffusion barrier to limit the glucose delivery rate such 
that internal oxygen is not depleted too quickly, and so the system remains 
glucose diffusion-limited instead of oxygen- or reaction-limited. It is critical to 
note that the lines in the plot only connect the dots and therefore cannot be used 
as indications of behavior between points for which explicit calculations were 
performed. Thus, it can be stated that spheres without nanofilms exhibit almost 
zero sensitivity to glucose beyond very low levels. 

Furthermore, the effect of nanofilm thickness can be observed from the 
changing slope and shape of the curves. Thicker nanofilms (twice the original 
thickness) further decrease glucose delivery to the enzyme, driving a balance 
between oxygen consumption and diffusion that results in a very linear 
response, but a higher steady-state oxygen level in all cases, and a lower overall 
sensitivity to glucose. In contrast, thinner nanofilms (half the original 
thickness) are predicted to provide higher sensitivity over a smaller linear range 
of glucose. This may, in fact, be advantageous for diabetic monitoring due to 
the greater clinical importance of accuracy at lower glucose concentrations. 

From this discussion, the impact of nanofilms for controlling diffusion 
in enzymatic microsphere sensor applications should be obvious. It is worth 
reiterating here the ability to tailor nanofilms, both in terms of thickness and 
composition, such that desired properties may be used to tailor sensor response 
as needed. However, it is also important to again acknowledge the limitations 
of the simulations used to make these predictions. First, a number of 
assumptions have been made that may not be true in many cases. It is 
reasonable to believe that the microspheres can be produced with high 
uniformity and homogeneity in composition, but the assumptions regarding the 
physiological environment (constant bulk oxygen and glucose) are less likely to 
hold, though their validity is currently difficult to assess. Glucose, on one hand, 
will vary with blood glucose, as desired and by limiting glucose diffusion to 
slow rates, it is reasonable to anticipate that the microspheres will not remove 
significant glucose from the interstitial space. This can potentially be predicted 
from dynamic models in which the total glucose consumption is estimated for a 
given external supply, and from models in which bulk glucose is not required to 
be constant but is rather supplied to a "reservoir" of interstitial fluid from the 
blood according to a physiological transport model. 

On the other hand, oxygen may vary significantly over time, and 
external oxygen levels are expected to significantly impact sensor function 
because they determine sensitivity as well as absolute readings. The most 
obvious means of compensation for this is the use of separate oxygen sensors 
that allow correction for different bulk oxygen. The ability to accurately model 
sensor response due to changing oxygen levels will be essential to 
understanding the impact of varying ambient levels of the co-substrate. As an 
example. Figure 6.15 is a graph similar to that presented in Figure 6.14, where 
the same simulations have been performed for different bulk oxygen levels. 
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The oxygen levels chosen were 80)aM and MOOjiM; the former is a value 
published for interstitial dissolved oxygen^^ while the latter approximates the 
maximum dissolved oxygen concentration achievable in water. It is clear from 
this plot that different bulk oxygen levels drastically change the relationship 
between oxygen levels within the microspheres and the bulk glucose 
concentrations. While the sensitivity of the systems appears to be very stable, 
as the initial slopes of the lines are essentially unchanged, the different ambient 
oxygen produce an offset in the relationship. This can be easily compensated 
for cases where bulk oxygen can be measured and remains above a threshold; 
an example of what happens when bulk oxygen drops below the required value 
is seen in the curve for 80|iM bulk O2, where the curve flattens out at high 
glucose concentrations (zero oxygen) due to the inability of the bulk oxygen to 
diffuse quickly enough to replenish that being consumed in the reaction. 

Enzymatic activity may also have a significant impact on sensor 
ftmction, because the linear relationship between oxygen and glucose in the 
microsphere interior depends upon a system that is glucose diffusion-limited, 
not reaction-limited. To assess the impact of enzyme activity, which is 
effectively related to the concentration of active and accessible enzyme, more 
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Figure 6.15. Average oxygen versus glucose for different bulk oxygen concentrations. The lines 
correspond to three different bulk oxygen levels. Top : 1400 fiM; middle : 250 j^M, bottom: 80 
)LIM. (see the color insert after p. 429.) 
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simulations were performed with enzyme concentrations from lOmM (initial 
value) to 5, 1, and 0.1 mM. The results of these modeling experiments are 
presented in Figure 6.16, from which it can be learned that the amount of active 
enzyme can be balanced to achieve maximum sensitivity and linearity. First, 
comparing the curves for 1 and 5mM enzyme to lOmM, it is observed that the 
decreased activity results in a higher sensitivity but smaller linear range. This 
behavior makes sense if one considers that the same amount of glucose can 
diffuse further into the spheres, depleting oxygen in deeper areas that cannot be 
replenished as quickly. This hypothesis is supported by observation of the 
spatial distributions of glucose and oxygen (Figure 6.16). Conversely, at very 
low enzyme concentrations (100 times less), the system becomes reaction-
limited, a situation where oxygen cannot be removed any more rapidly, despite 
higher glucose levels, due to saturation of the enzyme. 
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Figure 6.16. (Top) Average oxygen versus glucose for different enzyme concentrations and 
(bottom left) internal oxygen and (bottom right) glucose distributions for £',=lmM. (see the color 
insert after p. 429.) 
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These simulations enable identification of composition and geometric 
combinations that can be used to construct sensitive systems for glucose sensing 
via oxygen monitoring using enzyme-doped microspheres. A similar approach 
could be taken for microspheres monitoring pH, or other local variables, that are 
changed as a result of reactions occurring within the confined environment of 
the microsphere/capsule. 

6.4.2. Experimental Validation of Enzyme-Loaded Microcapsule Sensors 

Following the discussion on sensor design above, prototype sensors 
have recently been developed and tested preliminarily for glucose response/^ 
Calcium-crosslinked alginate gel microspheres were prepared in a water-in-oil 
emulsion, then loaded with ruthenium-tris(4,7-diphenyl-l,10-phenanthroline) 
dichloride, one of the more sensitive ruthenium-based metal-ligand 
complexes7" '̂̂ ^ Poly(styrene sulfonate) (PSS, MW~70000) and poly(allylamine 
hydrochloride) (PAH, MW~70000), or PAH conjugated to Alexa Fluor® 488 
(PAH-AF488, XQX = 488 nm, 'kern = 515 nm) were alternately assembled on the 
surfaces of the microspheres until two bilayer polyelectrolyte films were 
realized. The spectral properties of this dye combination closely matches those 
of the FITC/TRITC pair previously investigated, which suggests that in vivo 
monitoring with the current approach is also feasible,^ though longer-
wavelength oxygen indicators based on platinum porphyrins may potentially be 
used to extend the wavelengths into the yellow/orange region for excitation 
with emission in the near infrared.̂ '̂̂ ^ 

Figure 6.17 contains an image and typical fluorescence spectra of a 
suspension of the prototype sensors in buffers containing different glucose 
levels. The spectra were acquired using a single excitation wavelength (460 
nm), while emission was collected by scanning from 500-650 nm. The peak at 
520 nm is the contribution of the PAH-AF488, while the peak at 610 nm is the 
Ru(dpp) fluorescence. Since the reference fluorophore is insensitive to 

Ru(dpp) 

550 600 

Wavelength (nm) 

Figure 6.17. Left: Fluorescence micrograph of glucose sensors. Right: Fluorescence spectra of 
oxygen-sensitive, enzyme-loaded microspheres at different glucose levels. 
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fluctuations of oxygen or pH, differences in the intensity at 610 nm relative to 
520 nm can be attributed to changes in local oxygen concentration. In 
experiments used to test oxygen sensitivity, the microspheres exhibited a typical 
quenching response with an overall change in the fluorescence peak ratio RQ/R 
of 0.73 between 0% to 100% dissolved oxygen (sensitivity=42%,) where RQ 
denotes the ratio of Ru(dpp) to Alexa Fluor® 488 intensity at zero oxygen, and 
R is the intensity ratio at each respective oxygen concentration. 

The sensitivity of the glucose sensors was assessed by adding aliquots of 
a glucose solution to a standard fluorimeter cuvette containing a suspension of 
sensors in pH 7.4 buffer (phosphate buffered saline, 0.0IM). The fluorescence 
emission intensity at 520 and 610nm was measured in T-format mode using 460 
nm excitation. Fluorescence emission was acquired every five seconds, with an 
integration time of two seconds, while the sample was continuously stirred 
except during measurements. During the experiments, oxygen was 
continuously bubbled to maintain the dissolved oxygen concentration at 1.3 
mM (measured separately with an oxygen microelectrode) in order to ensure 
that changes in fluorescence intensity ratio were actually due to local oxygen 
changes internal to the microspheres, and not global oxygen depletion in the 
bulk solution. 

Figure 6.18 contains a plot of the experimentally obtained intensity 
ratio versus glucose concentration, plotted as R/RQ glucose? where RQ giucose denotes 
the intensity ratio of Ru(dpp) to Alexa Fluor® 488 (/x.=6ionm/ /x=520nni) in O2-
saturated buffer without glucose, and R is the intensity ratio in 02-saturated 
buffer at each respective glucose concentration. As glucose concentration 
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Figure 6.18. Experimental and theoretical data for glucose sensors in oxygen-saturated conditions. 
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increases, the ratio increases nearly linearly up to 20 mM glucose, where the 
response then saturates (at a change in R/RQ glucose of about 7%.) On the same 
graph, predictions of the peak intensity ratio are given; these were calculated 
using the models described above, combined with the experimentally-
determined oxygen sensitivity of the same microspheres. The results show 
excellent agreement, confirming that the mathematical models do produce 
realistic output, validating their accuracy and confirming their value for use in 
further sensor design. 

These preliminary results are promising, as they suggest that further 
refinement of the sensor design (sphere size, enzyme concentration, 
permeability of the films to substrates, and film thickness) may significantly 
improve the response of the sensors. These findings show promise for the 
future development of similar microsensors with more optimized response. The 
microspheres are now being tested in skin phantoms immobilized in a flow-
through apparatus that allows complete control over oxygen and glucose 
concentrations and enables time-dependent responses to be measured. 

6.5. GLUCOSEBINDING PROTEINS IN MICROCAPSULES 

As noted above, a number of recognition elements for glucose have 
been identified: glucose-binding proteins, lectins, and synthetic receptors such 
as boronic acid. This section will discuss the possibility of encapsulating such 
materials within microcapsules for use as smart tattoo materials. The specific 
example of a competitive-binding assay using apo-glucose oxidase will be used, 
though the same general approach may potentially be applied with other 
glucose-binding molecules. 

Previously, we reported on a nanoengineered polymeric microcapsule 
comprising multilayer films of TRITC-Con A and FITC-dextran using affinity 
binding and layer-by-layer self-assembly technique.^^ These glucose-sensitive 
thin films packaged in a microcapsule were shown to be sensitive to glucose, as 
observed by a change in the energy transfer (11%) with the addition of 0.05M 
glucose. However, it is important to note that any system employing Con A 
carries concerns for real applicability due to toxicity and non-specific binding. 

To overcome the limitations of Con A, an alternative approach to the 
competitive-binding glucose assay has recently been reported. The system 
employs an inactive form of the enzyme glucose oxidase (apo-GOx) as the 
glucose-binding protein, which is highly specific to p-D-glucose. Apo-GOx 
was previously used as a biosensor based on its ability to reconstitute into a 
holoenzyme with the addition of semi-artificial cofactors.^^ Apo-GOx and apo-
glucose dehydrogenese were also demonstrated as direct glucose sensors in 
which the intrinsic fluorescence decreases with the addition of glucose.̂ '̂̂ ^ 
Apo-GOx was also tagged with an environmentally-sensitive fluorophore, 
which exhibited a decrease in intensity with the addition of glucose, due to 
partial shielding of tryptophan residues.^^ The disadvantages of these 
approaches include the short wavelengths required to excite intrinsic 
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fluorescence, and the inability to correct for inner filter, dilution, or other non­
specific effects due to non-ratiometric operation. 

The design and operation of a novel RET assay using apo-GOx was 
discussed previously (illustrated in Figure 6.8). Briefly, apo-GOx is prepared 
from GOx by removing FAD cofactor.^^ When apo-GOx is labeled with 
TRITC and exposed to FITC-dextran, strong fluorescence peaks due to 
significant energy transfer between FITC and TRITC are observed. Because of 
the high affinity of apo-GOx for glucose, addition of glucose results in the 
displacement of dextran from apo-GOx. This change in physical proximity is 
manifested as a decrease in the energy transfer efficiency (Figure 6.8), as 
evidenced by a stronger FITC peak relative to TRITC. The glucose sensitivity 
of the TRITC-apo-GOx/FITC-dextran was demonstrated by measuring changes 
in RET between FITC and TRITC resulting from titration of glucose (figure 
6.19).̂ ^ This system retains the advantages of the competitive binding 
approach, including selectivity to the analyte of interest, elimination of reaction 
byproducts, and there is no consumption of the analyte during the sensing 
process. 

Following demonstration of glucose sensitivity in solution phase, the 
RET assay components were encapsulated within a hollow polymeric shell. 
Polyelectrolyte microcapsules, templated on 5fim MnCOa cores with walls 
comprising multilayer nanofilms including a photosensitive diazoresin, were 
suspended in a solution of the RET assay and then irradiated with UV light. As 
illustrated in Figure 6.20, this encapsulation approach results in capsules loaded 
via diffusion, then the contents are locked within the capsule interior via 
crosslinking of the walls. A key advantage of this approach is the absence of 
polymer or other matrix in the capsul interior, maintaining a nonrestrictive 
environment for the molecular components of the competitive binding assay to 
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Figure 6.19. Fluorescence spectra recorded from RET competitive binding assay based on apo-
GOx. 
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Figure 6.20. Schematic of encapsulation procedure for competitive-binding assay. 

easily move relative to one another. The hollow shells act in a similar way to a 
dialysis membrane, as a semipermeable barrier that allows glucose to diffuse in 
and out while retaining the sensing components inside. 

Confocal micrographs of loaded capsules are presented in Figure 6.21, 
from which it can be observed that the tagged molecules are trapped within the 
polyelectrolyte microcapsule wall and interior. The bright fluorescence from 
the walls suggests entrapment of sensing molecules in a more immobile 
manner. This could contribute a strong baseline signal to fluorescence 
measurements, and signals coming from molecules trapped in crosslinked walls 
are unlikely to be significantly affected by glucose due to limited mobility of 
the dextran. 

Figure 6.21. Confocal fluorescence (top, left: FITC, right: TRITC), phase (bottom left) and overiay 
(bottom right) images of polyelectrolyte capsules loaded with TRITC-apo-GOx and FITC-dextran. 
(see the color insert after p. 429.) 
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Fluorescence intensity ratio measurements performed at varying 
glucose levels showed a significant response to glucose over the 
physiologically-relevant range (Figure 6.22). This graph shows the change in 
the ratio of FITC (520nm) to TRITC (580nm) intensity with changing glucose 
for both 500kDa and 2MDa FITC-dextran competitive ligands. In the former 
case, the total change in peak ratio over the dynamic range of the assay was 
found to be -'52%, while a slightly lower value (47%) was calculated for the 
larger ligand. Calculating the linear slope over the lower concentration range 
(0-20mM), it was found that the sensitivity for the system using the 500kDa 
dextran is approximately twice that of the 2MDa dextran (~4%/mM versus 
~2%/mM). The 2MDa dextran system exhibited a response that was smaller at 
low values but extended to higher glucose concentrations, with associated ^D 
values of 8mM and 20mM for 500kDa and 2MDa, respectively. These results 
corroborate those found for the solution-phase assay, and point to the possibility 
of tuning the sensitivity and range for the specific application by judicious 
choice of the ligand. These properties are advantageous compared to 
glucose/galactose binding proteins, which typically possess kj) values around 

While this apo-GOx competitive binding system is still under intense 
investigation, the preliminary results show a sensitive, reversible, and 
repeatable response that does not vary significantly over four weeks. It is also 
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Figure 6.22. Glucose response for competitive-binding assays in microcapsules. 
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noteworthy that this same system can be easily extended to the near-infrared 
region by selection of an appropriate energy transfer pair. 

6.6. CONCLUSIONS 

This chapter highlighted some of the general needs for creating 
fluorescent smart tattoo glucose sensor systems, described structures and 
material combinations identified by mathematical modeling to be appropriate 
for microscale enzymatic systems, and presented some example sensors 
employing microcapsule carrier technology. Nanoengineered microcapsules 
based on polyelectrolyte multilayer nanofilms have enabled the flexible 
construction of several sensor types, and have helped to solve some technical 
obstacles in the areas of encapsulation of enzymes and other proteins, enzyme 
stabilization, and diffusion rates for glucose and oxygen. Early results of 
microcapsule-based sensors are promising, and the primary challenges for 
realizing long-term implantable sensors appear to be in the areas of 
biocompatibility and sensor stability. The advantages of these systems 
employing nanoengineered ultrathin films as capsule walls are the ability to 
precisely control dimensions and composition, which are critical to achieve 
desired function, especially with enzymatic-based sensors. Because of the 
flexibility in fabrication, it provides a facile approach to screening and 
integrating materials that will provide an appropriate bio/material interface. 
Furthermore, because the nanofabrication processes described are based on 
efficient self-assembly techniques, it is believed that production is amenable to 
scale-up. 

The prototypes presented here are still under intense study, particularly 
in terms of understanding long-term stability and time-dependent response 
behaviors. It is obvious that the enzymatic and competitive-binding systems 
can be further improved through optimization of materials and dimensions that 
produce more sensitive responses and, ideally, longer wavelengths. The latter 
will depend on availability of suitable fluorophores for oxygen or pH indication, 
or appropriate long-wavelength RET pairs. Both of these routes are currently 
being following to extend the operating wavelengths. For the optimization of 
sensor dimensions and composition, a complex genetic algorithm has been 
developed to use the mathematical sensor models described above, coupled with 
realistic enzyme deactivation models, to identify best combinations of size, 
enzyme concentration, gel and nanofilm composition that produce sensitive, 
linear, and stable response for long-term operation. 
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NON-INVASIVE MONITORING OF DIABETES: 
Specificity, compartmentalization, and calibration 

issues 

Omar S. Khalir 

7.1. INTRODUCTION 

Non-invasive (NI) monitoring of glucose has attracted tremendous attention 
in the past two decades, mainly because diabetes is expected to be a major 
epidemic due to the increased overall obesity of the population. Non-Invasive 
monitoring of glucose decreases the pain associated with skin lancing used to 
sample blood for home glucose monitors. Reduction in pain can encourage 
more frequent testing and lead to tighter control of glucose levels, improve 
patient care, and delay the onset of diabetes complications and their associated 
health care costs. Patient-care needs and the commercial significance of NI 
glucose monitoring has led to a flurry of patenting activity and research on NI 
glucose detection methods. Several recent reviews discuss the importance of 
non-invasive glucose testing and report on attempts at its measurement (1-4). 

The advent of several minimally-invasive techniques, alternate sample 
testing, and the decrease in size of the blood droplet required in new home 
glucose monitors has reduced the pain of obtaining a few micro liters of blood 
from the finger tip which is rich in nerve-endings. These methods include 
extracting the interstitial fluid (ISF) (5, 6), use of insertable electrodes (7, 8), 
testing at alternate sites other than the fingertip (9). These methods decreased 
the pain of blood sampling (8, 9), allowed continuous glucose monitoring for a 
limited time (7), and provided near real-time glucose trend data (7). They are 
defining new performance expectations for a non-invasive glucose monitor and 
raised the expectation from a truly non-invasive test. 

Abbott Laboratories, Diagnostics Division, Abbott Park, IL 60064 
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In a recent review we identified specificity, compartmentalization of 
glucose values, and calibration as the major issues for NI glucose measurements 
(1). Three questions were raised regarding NI- glucose determination (1). At 
least few questions need to be answered. The specificity question is what is 
being detected and determined? Is it an intrinsic property of the glucose 
molecule or is it the effect of change in glucose concentrations on the properties 
of the medium? 

The compartmentalization question seeks answers as to in which body 
compartment is the glucose value determined, and how does the determined 
concentration relate to arterial blood glucose concentration? The calibration 
question deals with how to calibrate the NI testing device? Is it a single person 
calibration or multiple subject calibration? Is the testing device factory 
calibrated or can the user calibrate it? 

Patient 
glucose 
value 

Product concept 
Product attributes 

Patient calibration 
Relate NI to blood glucose 

value 
Frequency of re-calibration 

Algorithm 
Extract of glucose related features 

from signal, relation between signal 
and \G] 

Probe-body interface effect on signal 
In vivo human experiments 

Physiological effects on signal 
Effect of disease and, environmental variables on signal 

In vivo human experiments 
Signal/glucose compartmentalization 

Tissue compartment generating signal and time relation to blood 
glucose 

In vivo human experiments 
Signal Specificity 

Theoretical basis of signal response to change in glucose concentration 
In vitro, animal models and in vivo human experiments 

Figure 7.1. Laddered structure of the thought processed and steps towards a non-invasive glucose-
measuring device. 
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The graph in Figure 7.1 shows a bottom-up hierarchal structure of the 
relationship between different steps towards a NI device from theoretical 
construct to a product. Presently, most of the NI methods for glucose 
determination lay in the bottom two cells of the graph. 

The lack of understanding of the effect of changes in body physiology and 
the probe-tissue interaction on the measured signal leads to correlation of 
glucose concentration with spurious signals and algorithms that are 
contaminated with spurious information. 

There have been attempts to develop methods to improve detection 
specificity and localize glucose detection to defined tissue compartment. The 
first set of methods involves the use of an external stimulus to assist in 
localizing the signal-generating tissue region. A second set of methods will 
include the use of specific capture agents, such as boronic acid derivatives, and 
detection using fluorescence or change in diffraction patterns. Specific capture 
methods will be discussed in several chapters of this volume. They involve the 
use of a chemically active agent and detection vehicles like a contact lens or a 
fluorescent tattoo. 

This chapter expands discussion of the issues of specificity, 
compartmentalization and calibration that were presented recently (1). It will 
also discuss the work of our group on understanding the effect of interaction 
between the optical detection probe and the skin and the effect of temperature 
on skin optical properties. The temperature effect on optical properties of tissue 
was dubbed the thermo-optical response (THOR) of human tissue. We also 
discuss the work of our group on the use of temperature-modulated thermo-
optical response of human skin, attempts to localize detection to changes in the 
vascular subsystem and tissue of the dermis layer. 

7.2. SPECIFICITY OF NI GLUCOSE MEASUREMENTS 

Methods used for the NI determination of glucose can be classified into two 
broad categories as: methods that track a glucose property, and methods that 
track the effect of glucose on tissue properties. The first category depends on 
measuring a signal that represents an intrinsic property of the glucose molecule 
such as near Infrared (NIR) absorption coefficient, mid-IR absorption 
coefficient, optical-rotation, Raman shifts, and the like. These methods assume 
the ability to detect glucose in tissue or blood independent of the presence of 
other body components and independent of the body physiological state. The 
second set of methods depends on measuring the effect of change in glucose 
concentration on the optical properties of tissue such as the scattering 
coefficient of tissue, refractive index of interstitial fluid (ISF) or sound 
propagation in tissue (1). 

Obstacles to collecting reliable NI glucose data include the minute 
magnitude of the signal, repositioning error of the measuring probe with respect 
to the body part, temperature changes, and variations in the physical properties 
of the probe/body interface such as skin hydration, efficiency of optical and 
thermal coupling between the probe and tissue, and effect of probe/tissue 
interaction on signal magnitude (1). Both approaches face large obstacles. 
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Optical spectroscopy of human tissue is dominated by the infrared 
spectrum of water and fat, the visible absorption spectrum of hemoglobin, and 
absorption by skin pigments. In between, in the near IR spectral region, are the 
overtone and combination bands of water and lipids, as well as weak absorption 
features attributable to glucose and other tissue components that have similar 
molecular bonds. The earliest methods for the determination of glucose 
involved either near Infrared (NIR) transmission or reflectance measurements. 
Light penetrates deeper in tissues in the NIR spectral region and allows for 
optical sampling of tissue layers. 

7.2.1. Tissue Spectroscopy 

Light propagation in tissues is expressed by a set of spectroscopic 
parameters; the absorption coefficient |ia, the scattering coefficient jis? and the 
anisotropy factor g (the average cosine of the angle at which a photon is 
scattered), and the reduced scattering coefficient ^\, where jis' = Ms[l-g]- The 
absorption coefficient ^a equals the absorbance per unit pathlength = 2.303 sC 
cm"\ where e is the molar extinction coefficient and C is the molar 
concentration, fig is the inverse of the average distance traveled by a scattered 
photon before it gets absorbed via interaction with the oscillating dipole of a 
tissue chromophore. The unit of |ia is cm ^ The larger the absorption 
coefficient, the shorter is the distance traveled by the photon in the medium; the 
lower is the reflected light intensity off the tissue. The scattering coefficient ^s' 
is the inverse of the average distance traveled by a scattered photon before it 
looses memory of its initial propagation direction. The scattering coefficient |is' 
= ap where a is the scattering cross section and p is the number density of the 
particles. It is equivalent to the product of an extinction coefficient due to 
scattering and the concentration of scattering centers and it has the unit ofcm ^ 
The larger the absorption coefficient, the shorter is the distance traveled by the 
photon in the medium before scattering; the higher is the reflected light 
intensity off the tissue. 

Equation 1 expresses attenuation of light intensity in tissue according to 
light transport theory. lo is the incident light intensity, I, is transmitted or 
reflected intensity, jieff is the effective attenuation coefficient and / is the 
pathlength. 

I = Ioe-^-y (1) 

Equation 2 relates the effective attenuation coefficient to fia and [i\. 

Mefr= (3 îa [Ma + \i\]f' = (3 Ma [^a + Ms(l-g)])^' ' (2) 

The reciprocal of jieff is the light penetration depth in tissue, 8 (cm), is the 
distance light travels in tissue before its intensity is attenuated by 1/e of its 
initial incident value. Thus, 
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6=l/(3^a[Ma+^'s]y ' ' (3) 

Optical measurements and theoretical light propagation models are used to 
extract jLieff, |ia and [i\. These measurements include transmission, diffuse and 
localized reflectance, frequency domain measurements, and optical coherence 
tomography (OCT). Glucose detection methods that track direct absorption of 
glucose generally utilize long wavelengths absorption features where ^s' is low. 
On the other hand, methods that track effect of glucose on |is' generally utilize 
wavelength below 900 nm where \Xs' is large. 

7.2.2. Infrared and Near Infrared Spectroscopy of Glucose 

The fundamental IR absorption bands of glucose in the mid IR are in the 
spectral range between 2.5 microns (4000 cm'^) and 10 microns (1000 cm"̂ ) 
(10-14). The mid-IR spectral bands of glucose and other carbohydrate have 
been assigned to by C-C, C-H, 0-H stretching, and bending vibrations. The 
800 cm"̂  to 1200 cm"̂  fingerprint region of the IR spectrum of glucose has 
bands at 836, 911, 1011, 1047, 1076, and 1250 cm'̂  that have been assigned to 
C-H bending vibrations. The 1026 cm'̂  band corresponds to C-O-H bend 
vibration. Spectral measurements in this frequency interval were used to 
determine glucose in serum and blood. There are several reports on the mid-IR 
spectra of skin and on attempts to use this range for NI glucose determination. 
These reports were recently reviewed (1). The fundamental vibrations of the 
Raman-active bands between 800 and 1200 cm'̂  were used for determination of 
glucose in aqueous media and serum (1-3). Mid- IR emission was used for NI 
measurement of glucose and was discussed in a recent review (1). 

The strongest fundamental bands that can generate intense 
combinations and overtones are the broad OH stretch at 3550 cm'\ and the C-H 
stretch vibrations at 2961, and 2947 cm"\ Possible combination bands are 
second OH overtones band at 939 nm (3vOH) and second harmonic CH 
overtone band at 1126 nm (3vCH). A first OH overtone band can be assigned 
at 1408 nm (2vOH). The 1536 nm band can be assigned as an OH and CH 
combination band (vOH +vCH). The 1688 nm is assigned as a CH overtone 
band (2vCH). The 2261 nm band is possibly a combination of a CH stretch and 
a CCH, OCH deformation (vCH + vCCH, OCH). The 2326 nm bang can be 
attributed to a (vCH + v CCH, OCH) combination (2). Having the CCH, OCH 
ring deformation component confirms some glucose specificity on these bands 
(2). Table 7.1 shows these NIR bands used for NI glucose determinations at 
various body sites (15-17). 

The calculated NIR overtone and combination spectra of glucose overlap 
with several (more intense) combinations and overtone bands of water and of 
tissue fat (2, 18, 19, 20-26)). They also overlap with hemoglobin electronic 
absorption bands as shown in Table 7.2. 
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Table 7.1: NIR glucose bands and NI transmittance and reflectance studies 

Wavelength in nm Possible assignment (2) Body site, 

939 
1126 
1408 
1538 
1688 
2261 
2326 

3 V O-H stretch 
3 V C-H stretch 
2vO-H 
V O-H + V C-H 
2vC-H 
V C-H + V C-C-H, O-C-H 
V C-H, V C-H, OCH 

Oral mucosa (15) 
Oral mucosa (15 
Arm (16) 
Arm (16) 
Arm (16), tongue (17) 
Arm (16), tongue (17) 
In vitro studies 

Table 7.2: Near IR absorption 
components (2) 

Glucose"'** Water" 

features of glucose and human tissue 

Hb** Fat" Protein' 
714 749 

760 (E) 
770 

939 

1126 
1408 
1536 
1689" 

2270'' 
2293" 

880 

980 
1211 
1450 

1787 
1934 

805 (E) 
820 (E) 

910(E) 

1020 (E) 

920 

1040 

2299 

910 

1020 

2174 
2288 

a) Calculated from glucose fundamental vibrations reference 2, b) reference 26, c) reference 18, 19, 
d) "E" indicates an electronic absorption band, others are vibration overtone and combination 
bands, e) reference 20, f) reference 21 

Most of these bands are more intense than glucose NIR absorption bands 
due to the much larger relative concentration of the absorbing components. 
Variation in the intensity of some of these bands will affect the precision of 
measuring a NIR signal due to changes in glucose only. Combination bands of 
water, fat, proteins and hemoglobin will cause major interferences with the NI 
determination of glucose. Several studies showed the ability to determine 
glucose in aqueous media, serum and blood, in the NIR (2000 - 2500 nm) (18-
24). Arnold and Small contributed to understanding the critical fitting 
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conditions for these determinations. An example of the magnitude of NIR 
glucose intrinsic absorption signals is illustrated by the recently determined 
values of the molar extinction coefficient, £, of glucose in water in Table 7.3 
(23, 24). 

Table 7.3: Summary of glucose NIR absorption bands and extinction 
coefficients 

Uncorrected for water displacement" Corrected for water displacement 

Wavelength Absorptivity Wavelength Absorptivity 
nm molar" ̂  cm'̂  nm molar" ̂  cm" ̂  

b 

1689 

2257 

0.23 

0.4 

1689 

2270 

2293 

0.463 

0.129 

0.113 

a) From reference 23, b) from reference 24 

The absorptivity values in Table 7.3 are far smaller than the 8 value of 
NADH at 340 nm of 6.2x10^^ molar"^cm"^ which is usually used for the 
determination of serum glucose values on automated blood analyzers. Using a 1 
mm pathlength, a 10-mmolar glucose solution will have 2.3 xlO'"̂  absorbance 
units at 1686 nm and 4x10'"̂  absorbance units at 2257 nm (uncorrected for water 
displacement). A I mm pathlength is longer than the pathlength encountered in 
diffuse reflectance measurements, and is of comparable magnitude to the 
pathlength in some spatially resolved and diffuse reflectance measurements (15, 
16, 25). The intrinsic extinction coefficient of glucose will be much lower at 
the higher overtone bands between 800 nm and 1300 nm. Quantitative 
interpretation of the data in this spectral range requires extremely sensitive 
detection system and elimination of sources of biological and measurement 
background noise. The very low values of the molar extinction coefficient of 
glucose necessitate experimental measurement methods with extremely high 
signal to noise ratio and tight temperature control. Although IR-absorption 
measurement of glucose has reasonable specificity in aqueous solutions, it faces 
higher hurdles when attempted at human body sites. 

Raman spectroscopy is another example of a detection method that track a 
specific molecular property of glucose. Advances in Raman studies using NIR 
wavelength lasers to minimize the effect of tissue and serum fluorescence were 
achieved by Feld's group (26, 27, 28). 

The low values of NIR glucose molecular absorptivity were the impetus for 
seeking indirect methods that track the effect of glucose on tissue optical 
properties. Although these methods lack the molecular specificity of absorption 
measurements, they offer larger signal changes (1, 29, 33-45). These are 
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mainly based on scattering or on including both absorption and scattering 
information. 

7.3. COMPARTMENTALIZATION OF GLUCOSE VALUES 

Glucose in human body is distributed in various body fluids such as blood, 
interstitial fluid, eye vitreous fluid and sweat in sweat glands. Other fluids 
include tears and saliva. In-vitro invasive testing methods determine glucose in 
samples of venous blood or arterialized venous blood, which uniquely defines 
the body compartment in which glucose is determined. A NI glucose-
monitoring device will process optical signals transmitted through, or reflected 
by, multiple body compartments such as the stratum comeum, dermis and 
epidermis layers, subcutaneous tissue, interstitial fluid, arteries, veins, and 
capillaries. A pictorial presentation of the skin layers and their optical properties 
is given in Tuchin's monograph on tissue optics (29). Each of these 
compartments has different optical properties and may have different 
concentration of glucose. A reported NI glucose concentration might represent 
an average of glucose values in several compartments. Correlation between a 
Nl-determined glucose measurement and blood glucose values may vary from 
one body site to another depending on differences in tissue and vascular 
properties of each site (1,2). 

Several NI methods propose determination of glucose in ISF. There is a 
reported lag time between change in blood glucose value and the concentration 
of glucose in other body fluids. Lag times between blood and ISF glucose 
levels were reported for implantable glucose sensors (6). Lag time between ISF 
and blood glucose values varied from < 5 minutes to > 30 minutes depending on 
the measurement technology (10). Delays in ISF or any other body fluid 
glucose equilibration, if predictable, could be corrected for in the algorithm (1). 

7.4. CALIBRATION MODELS AND PATIENT-SPECIFIC 
CALIBRATION 

7.4.1. Establishing a Standard Response Relationship Calibration Models 

Calibration of NI glucose devices requires establishing a correlation 
between invasively- determined blood glucose concentrations and the 
corresponding NI signals. One-way is to induce a change in glucose 
concentration that spans a range over which the NI measured signal is 
monitored. Glucose clamp experiments, oral glucose tolerance tests (OGTT), 
and meal tolerance tests (MTT) are example of methods for inducing change in 
blood glucose concentration. A reference (in vitro) glucose measurement is 
simultaneously performed and a calibration model is established using a 
regression procedure. The calibration model that is generated during the test 
period is then used to predict glucose concentration from subsequent NI 
measurements. 
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7.4.2. Prediction Parameters 

Multivariate analysis is generally used for determination of the 
concentration of a component in a complex mixture (30-32). The quality of the 
predicted NI glucose data is judged by the magnitude of the standard error of 
prediction (SEP), and the prediction correlation coefficient rp. A low SEP, 
when associated with a high rp, is indicative of a successful prediction. One 
must guard against the possibility of chance correlation with other time-
dependent events, and of overfitting the experimental data. Extreme care must 
be taken to avoid overfitting. Arnold et al first discussed the issue of chance 
instrument correlation (-). The issue of physiological chance correlation was 
discussed in a recent review (1). The training set and the prediction set need to 
be separated in time. The number of input NI data points must be larger than 
the number of terms in the fitting equations. 

A high SEP can be interpreted in one of three ways. First, the calibration 
model is void of glucose specific information. A second interpretation is that 
glucose predictions are limited by measurement noise. A third reason for a 
high SEP is that glucose predictions are limited by biological background noise 
in the body part and repositioning errors of the probe with respect to the body 
site. Noise sources such as circulation parameters, skin surface condition, skin 
water content, circadian rhythm effects, and temperature changes are examples 
of biological variables that haves not been discussed in sufficient details yet. 
Time-dependent artifacts can influence the results from multivariate calibrations 
when randomized sampling over time cannot be performed. In addition to 
instrument-related time variables, the circadian rhythm of the human body can 
lead to spurious time-dependent biological background that will be 
superimposed on the sequential MTT data points (1). 

Although glucose clamp experiments, OGTT, and MTT data are necessary 
to prove that a particular NI signal varies with induced change in glucose 
concentration, these experimental data are not sufficient to establish a reliable 
calibration of signal versus blood glucose values over a long time period. As a 
NI signal may embody non-glucose-related physiological effects, relying on 
calibration based on correlating OGTT or MTT data may lead to a calibration 
model that is unique to the individual tested. Calibration will need to be 
periodically updated. If frequent recalibration is required, it will present an 
acceptance problem for NI testing device (1). 

7.5. THERMO-OPTICAL RESPONSE OF HUMAN SKIN 

In order to improve specificity, one must find a measurement method 
where the signal is related to glucose through some quantitative relationship 
between glucose concentration and its effect on the signal. Another method is 
to use external stimulus to induce a signal change that may enhance that is due 
to glucose of minimized some of the experimental variables during the 
measurement. Improving compartmentalization is achieved by directing the 
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optical measurement to a localized section of the body site that has 
homogeneous physical and structural properties. 

There are several attempts to improve specificity, compartmentalization, 
and calibration. One method is to use external stimuli such as temperature and 
defined probe design (33-37). These studies attempt to improve on |is' 
measurements for tracking glucose (38-42). Another method is occlusion 
spectroscopy, which attempts to measure scattering due to erythrocytes (43), 
and OCT measurements that localizes detection to the upper dermis region (44, 
45). 

Limiting light penetration depth to a defined tissue region was achieved by 
using a localized reflectance optical probe with short source-detector distance, 
which limits the optical depth in tissue to about 2 mm (33). This depth spans 
the epidermis and the dermis that include the cutaneous vascular system and 
blood capillaries. It lies just above the adipose tissue (29). The use of the 
interplay between temperature and light wavelengths and the special probe 
design was used to localize the optical signal within a confined range of 
cutaneous tissue (36). The motivation to study of the thermo-optical response of 
human skin was predicated upon: 

a. It is possible to sample a limited tissue compartment (epidermis and 
the dermis) by proper design of the optical probe. 

b. There are structural differences between human diabetic skin and non-
diabetic skin 

c. Glucose causes physical changes and has a physical manifestation on 
human tissue optical properties as shown by the scattering coefficient. 

d. Glucose and insulin invoke physiological response in human tissue that 
is manifested by change in blood flow. Temperature change has a 
physical effect on blood flow. 

e. Skin vascular system plays an important role in body temperature 
regulation and consequently in body response to glucose change. 

f In order to measure glucose: it is important to study the probe skin 
interaction, temperature effect, probe skin repositioning. 

In this chapter we will discuss the work of our group on the use of 
temperature-modulated thermo-optical response (THOR) of human skin to 
localize compartmentalization to the dermis layer and to study the effects of 
probe-skin interaction (33-37). The studies involved both diabetic and non-
diabetic volunteers. 

7.5.1: Thermo-Optical Response (THOR) Localized Reflectance 
Measurements 

Our group studied the effect of the interaction between the detection probe 
and tissue during a non-invasive optical measurement (33-37). The effect of 
probe-tissue interaction and the effect of temperature changes on the measured 
non-invasive optical signal were not well studied. Glucose affects j^s' of tissue-
simulating phantoms and of human tissue. However, this effect is non-specific. 
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Figure 7.2: Photograph of the temperature-controlled THOR probe. 

Other soluble analytes decrease fig' as the concentration of the analyte (or 
glucose) is increased (38-41). 

We measured localized reflectance signals over a set of small source-
detector distances, using a temperature-controlled detection probe. Figure 7.2 
shows a picture of the probe. The source-detector distances were 0.4 mm to 2 
mm. A 400-micrometer fiber illuminated the tissue, which was the dorsal side 
of human forearm skin, and light was collected using 4-6 fibers of the same 
diameter. The wavelengths used were between 550 nm and 980 nm (33-37). 

The center ring in Figure 7.2 is the end of the fiber bundle having the 
illumination fiber and light collection fibers at set distances. The larger middle 
ring is a 2-cm diameter temperature-controlled aluminum disk. Its temperature 
is controlled by a thermoelectric element glued to its and a thermistor embedded 
it. The thermistor provided feedback signal to the temperature controller 
powering the thermoelectric element. The outer black ring is a plastic insulating 
ring. 

Modeling the temperature distribution in human skin showed that it was 
controlled to a depth of 2 mm (33). This depth is close to the to the light 
penetration depth in skin at the wavelengths used in the experiments. This 
depth includes the epidermis, dermis and the vasculature therein. Light 
penetration and temperature change interact with the upper and lower plexus 
and skin nutritive capillary structure. Monte Carlo simulations and use of tissue 
simulating phantoms of known optical properties were used to calibrate the 
system and to extract ĵ a and ĵ g' from the measured signals (33). The 
temperature controlled probe in Figure 7.2 was part of a body interface module, 
where the probe was brought in contact with the dorsal side of a human arm 
under a constant pressure of approximately 100 gm/cm2. The body interface is 
shown in Figure 7.3. 

The temperature-controlled localized reflectance optical system was used to 
study the effect of temperature on the |ia and jig' of human skin. Localized 
reflectance of the skin of 5 light-skin subjects was measured at 590 nm with the 
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Figure 73: A cross section of the arm is shown in contact with the optical probe mounted in the 
body interface module. 

dorsal side of the forearm in constant contact with the temperature-controlled 
probe. Temperature was switched back and forth among three values between 
25 and 41 °C. Plots of the regression lines for ĵ s' vs. probe temperature are 
shown in Figure 7.4. 

Plots of fis' vs. temperature fit straight lines. Data are labeled by subject's 
designation A through F. The fitted slope (d^i^'/dT) for individual subjects was 
0.053±0.0094 cm"V°C. The intercept and the slope of the regression lines (of 
|is' vs. probe temperature plots) varied from subject to subject and for different 
measurements on the same subject. These differences were attributed as 
probably due to differences in repositioning the probe on skin (33). 

The linear temperature dependence of ^s' is reversible and can extend over 
several cycles of cooling and heating the skin. It is also observed at several 
wavelengths (33). This reversible dependence on temperature was interpreted 
based on the effect of temperature on the refractive index of the ISF, and hence 
the refractive index mismatch between the ISF and skin scattering centers. The 
effect of temperature on [i^' of human skin is opposite to the observed effect of 
glucose on \x^' of scattering media, including human tissue. 

The behavior of jia of intact human skin as a function of temperature 
differed from that of the [i^ (33). Figure 7.5 shows a plot of |ia at different 
temperatures, determined at 590 nm and using the same temperature controlling 
steps used to generate the data in Figure 7.4. Measurements are designated A 
through F in both Figures 7.4 and 7.5. Dependence of ĵ a data of intact human 
skin in Figure 7.5 first shows the short-term irreversibility of |ia values upon 
heating to or above 38 °C. Thus |ia generally increased upon heating and 
decreased upon cooling. Secondly, the values of consecutively-determined jia 
zigzagged upwards. There is a cumulative effect of multiple times of heating 
and cooling on the value of ĵ a suggesting that it depends on the thermal history 
of the skin. The upward zigzagging drift of |ia) was explained as due to pooling 
of blood in the cutaneous capillaries (33). 
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Scattering coefficient v.s. temperature 
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Figure 7.4: Effect of temperature on the scattering coefficient of human skin. Each letter denotes a 
volunteer; the numbers beside each letter is the slope of the fitted ms vs. temperature line 

Changes in |ia and j^s', as a function of temperature, will inversely affect 
light penetration depth in tissue as is defined by Equation 3. Decrease in blood 
flow to the subsurface capillaries, i.e. a decrease in î a of the top layers, or a 
decrease in ŝ* as temperature is lowered leads to an increase in 8, which allows 
the sampling deeper dermis layers. 

Table 7.4 shows the mean 8 values of the forearm skin of seven light skin 
non-diabetic volunteers (36, 37). Light penetration depth, 8, increases as the 
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Figure 7.5: Effect of temperature on the absorption coefficient of human skin. The letters B, C, and 
D refer to the temperature response of î a of the same subjects whose scattering coefficient data are 
plotted in Figure 7.4. Figures 7.4 and 7.5 are reproduced from Khalil et al, J. Biomed. Opt. 8:191-
205 (2003), with permission from the American Institute of Physics 
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wavelength increased from 590 nm to 950 nm, at skin temperatures of 38 °C 
and 22 °C. The extent of change in 5 upon reducing the temperature depends 
on the wavelength. Light penetration depth in human skin depends on several 
factors that include (33, 34): 

a. Temperature 
b. Structural factors in the skin that affects the value of the scattering 

coefficient 
c. Blood perfusion factors that influence |ia 
d. Factors that affect the refractive index of the ISF 

The effect of these factors may differ for persons with diabetes as compared 
with non-diabetics (34). It may also vary with the duration of diabetes and 
other co-morbidities and medications. 

Table 7.4: Wavelength and temperature dependence of Light penetration depth 
in skin (36) 

Wavelength of 
Incident light = 
Temperature U 

Light penetration depth 8 in skin in micrometers 

590 nm 750 nm 950 nm 

38 °C 970+80 18001180 2020±200 
22 °C 1110±90 2060±180 22101180 
Mean A5 in microns 130 260 190 
% Change in A5 14% 14.4% 9.9% 

After establishing a pattern for the heat propagation in cutaneous tissue and 
the response of the scattering and absorption to thermal stimulus, we 
investigated the difference in the optical response of diabetic and non-diabetic 
skin to temperature changes (34). The same optical system was used in these 
studies with improvement in signal processing and data collection (33). 

7.5.2. Effect of the Diabetic State on THOR of Human Skin 

We studied the NIR optical response of diabetic and non-diabetic human 
skin to temperature modulation. The use of THOR measurements is based on 
the premises that due to known structural and circulatory differences in the skin 
of diabetics, the THOR of human skin may be sensitive to the diabetic state. As 
diabetes, glucose concentration, and temperature cause cutaneous vascular and 
refractive index changes, THOR of human skin potentially may be used to track 
changes in tissue glucose concentration. 

Cooling and heating have both physiological and optical effects on skin 
tissue. Cooling induces vasoconstriction accompanied by decreased blood 
perfusion, which decreases fia- Heating induces vasodilatation, increases blood 
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perfusion, and increases )Lia at the hemoglobin wavelengths. The optical effects 
are decrease in jis' by cooling and its increase upon heating (33, 34). 

Measurements were performed at two sites, designated Ai and A2, on the 
dorsal side of the arm. The two were not overlapping and were selected to be 
morphologically similar in such aspects as the absence of hair, closeness to 
bone, and appearance of veins. Each of the two skin sites was independently 
subjected to temperature perturbation in the form of programmed 
temperature/time events during the optical measurements. 

THOR measurement is performed at skin site Ai where a temperature 
perturbation involved cooling the skin at a defined rate and for a defined 
duration. THOR measurement is performed at skin site A2 involved heating the 
skin at a defined rate and for a defined duration. 

THOR signals at AI; RAI(^/, ^jJ^k) and RAI(A./, ry,T/) were recorded at two 
time points corresponding to two temperature values, where Xi is the 
wavelength of light and r, is the distance between the illumination fiber and a 
light collection fiber in contact with the skin (source-detector distance). Tk and 
T/ are cutaneous temperatures attained after k seconds and / seconds of contact 
between the temperature-controlled optical probe and the skin. From the 
measured localized reflectance we calculated the natural log of the ratio of the 
reflectance at the first (cooling) site, for each wavelength, each source detector 
distance, and different temperatures; Ln{RAi(A.„ r,, T/)/ RAI(^/, r,, Tk)}, where T/ 
is at a time point later than Tjt. 

Simultaneously or sequentially, we performed a measurement at A2 where 
the temperature program involves heating the skin to determine RA2(^/> ^P^P) 

and RA2(^/, ^pTq) ^^ two time points corresponding to two temperature values. 
We then calculated the value: Ln{RA2(^/, ^p'^gV RA2(^/, r>Tp)}, where T^ is at a 
later time than T .̂ 

Since the change in temperature induces a small change in the reflectance 
over the range studied, the value of the natural logarithm can be expressed using 
the expansion: 

Ln(l±x) = ± x , x « l (4) 

Thus it is possible to express Ln{RAi(A./, r,, T/)/ RAI(^J, f/, Tjt)}as; 

Ln{RAi(?i/, r,, T/)/ RAI(?I/, r,, T,)} = Ln (R ± AR)= ± ART(AO (5) 

AR is the temperature-induced fractional change in R(A,j, r̂ ) at site Ai. Similarly, 
Ln{RA2(A.„ r,,T^)/ RA2 (K, r/»Tp)} is the temperature-induced change in R(ki, r,) 
at site A2. The quantities are also proportional to optical density changes 
induced by temperature. 

THOR was measured at two sites on the dorsal side of the arm of test 
subjects. The time for the two sequential measurements was 240 seconds. The 
time the skin was kept at a constant temperature was 30 seconds and the 
transition time for temperature change was 180 seconds. Three different 
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temperature limits were attempted and were described in detail (34). A THOR 
at two skin sites, ART(AI, A2), is expressed as: 

ART(AI, A2) = Ln{RAi(?t/, r„T/)/ RUK, r,, T,)} - Ln{RA2(?t„ r,, T,)/ 
RA2(?^/,r,,T^)} (6) 

Figure 7.7 shows a difference plot of the THOR function ART(AI, A2) = 
[Ln (RAiTm^^AiTso) " Ln (RA2Tm^A2T3o)] plottcd against probe-skin contact time. 
A qualitative separation of diabetic and non-diabetic skin responses after 
temperature change at 360 seconds from probe-skin contact is quite noticeable. 

The qualitative separation of the THOR fiinction plots (temperature-
induced fractional change in the localized reflectance versus time) for each 
body mass index group was also noticeable at 890 nm and 0.9 mm source-
detector distance. The separation was not as noticeable under the same-
programmed temperature change at other source-detector distances. It is then 
apparent that the use of THOR at a single wavelength and at a single source-
detector distance is not sufficient to overcome person-to-person differences in 
skin properties. 

7.5.3. Qualitative Assessment of the Diabetic State from THOR of Human 
Skin Using Nonlinear Discriminant Functions for Data Analysis 

We then moved to expand the analysis of THOR data to multiple 
wavelengths and multiple source-detector distances. Yeh et al combined four 
wavelengths and four source-detector distances and used a nonlinear 

Figure 7.6: THOR at 890 nm and a source-detector distance of 0.9 mm. The solid lines represent 

diabetic's data; the dashed lines represent no-diabetic's data points. 
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discriminant function to overcome the person-to-person differences in body 
mass index and skin properties (34). Non-diabetic subjects and Type 2 diabetic 
subjects with diabetes duration 2-15 years volunteered for the experiment. The 
subject's diabetic state was determined by previous diagnoses as diabetic or 
non-diabetic. Two data sets were collected, a training set and a prediction set. 
The training set consisted of four diabetic and four non-diabetic subjects, each 
tested six times (total of 48 data points). Measurements for the training set were 
performed at the time slots that were selected to allow including several blood 
glucose concentrations, physiological, and circadian rhythm conditions in the 
training set. The independent prediction set consisted of six diabetic and six 
non-diabetic subjects, each tested twice (total of 24 data points). Measurement 
times for the prediction set were randomly chosen within a week. 

Two sequential measurements were performed, each lasting 240 seconds. 
The time the skin was kept at a constant temperature was 30 seconds and the 
transition time for temperature change was 180 seconds (34). Three different 
temperature limits were attempted: 

a. In the first experiment the probe at skin site 1 was maintained at 34 °C 
for 30 seconds and then cooled over 180 seconds to 22 °C at 4 °C.min- \ 

The probe at skin site 2 was maintained at 34 °C for the 240 seconds 
duration of the measurement. 

b. In the second experiment skin site 1 was maintained at 38 °C for 30 
seconds and cooled over 180 seconds period to 22 °C at 5.33 °C.min ^ 
Skin site 2 was maintained at 22 °C for 30 seconds and then raised to 
38 °C at 5.33 °C.min-^ 

c. In the third experiment skin site 1 was maintained at 30 °C for 30 
seconds and then cooled over 180 seconds period to 22 °C at 2. 
°C.min"\ Site 2 was treated in the opposite way; it was maintained at 
30 °C for 30 seconds and then raised to 38 °C at 2.67 °C.min"V 

An example of a temperature perturbation program at two sites is shown in 
Figure 7.7. 

Figure 7.7: Temperature program reproduced from Khalil et al, / . Biomed. Opt. 8:191-205 (2003), 
with permission from the American Institute of Physics 
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The difference THOR function at the two skin areas. AR^(Aj, A2) is 
expressed as a function/: 

fi^Altl, R4/r2, RAZU, RAZtz) = [ L n (RAW / RA^)] ' [ L l l (RAZU / RA2a)] ( 7 ) 

Where RAHI is the localized reflectance within skin site Ai at probe-skin contact 
time t], RAIII is the localized reflectance within site Ai at time t2\ RAIU is a 
localized reflectance within skin site A2 at time ti, and R̂ 2r2 is the same 
localized reflectance within site A2 at t2. In this expression the contact time 
between the probe and the skin is used instead of the contact temperature. The 
temperature perturbation program employed at each site determines the 
cutaneous temperature at that site at any time point. The function / is applied to 
the optical signals at all source-detector distances and for all wavelengths. 

The function(s) f(RAiti^ ^Aiti, RA2/7? RA2/2)» determined at each of the four 
source-detector distances and at four wavelengths, together with the known 
diabetic or non-diabetic state of each of subjects in the training set, are used to 
generate a discriminant function D. A subject is classified as diabetic if D > 0, 
and non-diabetic if D < 0. D is a quadratic expression comprising multiple 
functions of the type expressed in Equation 7, and has the form (34): 

o = LI,o,j(U)iSjfj)+Z"M+«» (8, 
Where 

Si =\or 0; and ^^S. = K (9a) 

Sj =\or 0; and J ^ . Sj = K (%) 

a,y, a,, and SLQ are constants determined from the training set, and / or j 
are indices to specific combinations of wavelength and source-detector distance. 
The parameter d in equations 8 through 9b is not the light penetration depth in 
tissue. The number K limits the total number of wavelength/source-detector 
distance combinations used in D to avoid overfitting, and St and Sj were 
determined from the training set through a leave-one-out cross validation 
procedure that minimizes the number of false classification. 

The true diabetic state of a subject was represented by S. where; S. = +1 for a 
diabetic subject, and S. = - 1 for a non-diabetic subject. D was calculated for 
each subject i as D .̂ The subject is categorized as concordant if D. and Ŝ  had the 
same sign and was discordant if they had different signs. The coefficients of the 
quadratic function D of the calibration set were used to calculate the value of 
the function D. for the prediction set. If D̂  > 0, the subject was classified as 
diabetic. On the other hand, if D̂  < 0, the subject was classified as non-diabetic. 
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The optical data points collected were divided into two classes; the class of 
diabetic and the class of non-diabetic subjects. A 2x2 prediction matrix 

^ was established, where the elements of the matrix are the number of 
X r\ 

data points representing a true or false classification: a is the number of true 
diabetic data points identified as diabetic, y is the number of true non-diabetic 
identified as non-diabetics, % is the number of diabetics identified as non-
diabetic (false negative), and P is the number of non-diabetic identified as 
diabetic data points (false positive). We then calculated several prediction 
parameters using the formulas in Table 7.5. 

Table 7.5: Diabetic state prediction parameters 

Parameter Sensitivity Specificity Positive 
predictive 
value (PPV) 

Negative 
predictive 
value (NPV) 

Formula 100ay(a+x) 100Y/(Y+p) 100a/(a+P) 10(>Y/(x+Y) 

Classification was then attempted utilizing equations 8, 9a and 9b, and 
using optical signals at eight wavelength-distance combinations (i.e. K=8) at ti 
= 30 seconds and at any of these time points f2- 120, 150, 180, and 210 seconds 
from the probe-skin contact. The prediction parameters are given in Table 7.6. 

Table 7.6: Performance parameters at different probe-skin contact time ^ 
Contact 

time 
(second) 

120 
150 
180 
210 

Probt 
temperature 

(°C) 
Site 1 

30 
27.3 
24.7 
22 

Site 2 

30 
32.7 
35.3 
38 

P 

0.0001 
0.0016 
0.0004 
0.0004 

Sensitivity 
% 

92 
73 
90 
82 

Specificity 
% 

90 
100 
90 
92 

PPV 

92 
100 
90 
100 

NPV 

100 
77 
90 
83 

a) Using the temperature program shown in Fig. 7 
Reproduced from Yeh et al, J. Biomedical Optics. 8:534 544 (2003), with permission of the 
American Institute of Physics 

Prediction of the diabetic state, using the three different temperature 
perturbations conditions and using THOR function at 120 seconds from the 
onset of probe-skin contact is given in Table 7.6. Also given is the probability p 
of overlap between the two populations. The data in the table indicates that it 
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was possible to achieve a separation between the diabetics and non-diabetics 
using the nonlinear discriminant function and eight distance-wavelength 
combinations, which was not consistently achievable at a single wavelength and 
a single source detector distance. 

Differentiation between diabetic and non-diabetic subjects was not sensitive 
to the contact time between the skin and the probe beyond 120 seconds, 
as shown for the first temperature perturbation program in Table 7.6. 

Similar data were obtained for the two other temperature perturbation 
programs, indicating that prediction of diabetic status was achievable at 120 
seconds of probe-skin contact for all the three temperature perturbation 
programs. Increasing the probe-skin contact times did not appreciably enhance 
the quality of the classification data. Further, the classification was not limited 
to one unique programmed temperature perturbation as shown in Table 7.7. 

The thermo-optical response (THOR) of the skin of diabetic subjects 
appeared to differ from that of non-diabetic subjects. Measuring cutaneous 
localized reflectance under specific thermal perturbation, and the use of a 
nonlinear discriminant function as a classifier allowed assessment of the 
diabetic state of human subjects in the small studied population (34). The 
method involved two sequential localized reflectance measurements under 
different temperature perturbation conditions, each measurement lasting less 
than 300 seconds. Acceptable classification was achieved after 120 seconds 
contact time for each measurement. 

Table 7.7: Prediction of the diabetic status at 120 seconds after probe-skin 
contact 
Temperature 
program # 

1 

2 

3 

Optical Test Result 

Diabetic 
Non-diabetic 

Diabetic 
Non-diabetic 

Diabetic 
Non-diabetic 2 

True Diabetic State 
Diabetic 

11 
1 

11* 
0* 

10 
> _ ,._12. 

Non-diabetic 
3 
9 

1* 
9* 

0 

•Total number of data points is 12, three data points were rejected as they resulted in outlier optical 
signals. Reproduced from Yeh et al, J. Biomedical Optics 8:534-544 (2003) with permission 
of the American Institute of Physics 

It is possible to explain the observed differentiation in THOR between 
diabetics and non-diabetics as due to a combination of two or more of: 

1. Temperature dependence of absorption and scattering due to red blood 
cell structural changes, difference in cell aggregation, and the 
refractive index. 
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2. Temperature dependence in tissue scattering due to the effect of diabetes 
on cutaneous collagen fibers and subsequent difference in refractive 
index mismatch. 

3. Difference in microcirculation response to temperature change. Laser 
Doppler Flowmetry accompanied by iontophoreses of vasodilators 
showed dependence of the vasodilator induced blood flow and the 
diabetic state of the subject (46). 

Monitoring a THOR function exemplified by the temperature-induced 
fractional change in the localized reflectance showed the ability to differentiate 
between diabetic and non-diabetic subjects in the studied population. The use of 
a nonlinear discriminant function as a classifier did overcome person-to-person 
differences in skin optical properties and the variable glucose concentrations at 
the time of measurement. 

The preliminary study discussed shows the potential for the non- invasive 
screening for diabetes using THOR of human skin (34). Current methods for 
screening for diabetes include a fasting glucose test, followed by a glycated 
hemoglobin test, and in some instances a meal tolerance test is also performed. 
This preliminary study is interesting, but further studies are required. Larger 
population studies are needed to include subjects with impaired glucose 
tolerance, with early-diagnosed diabetes, and with advanced diabetes, to 
improve the statistical predictability and to relate changes in signal to skin 
pathology and disease progress and to concentration of glycated hemoglobin 
(HbAlc) (47, 48). The thermo-optical response of human skin has the potential 
for studies on vascular diseases or the effect of disease on the peripheral 
vascular system, in a way similar to the use of laser Doppler flowmetry. 

The observation of a difference in thermo-optical properties of human skin 
between diabetics and non-diabetics has an important ramification in comparing 
data between the two groups, as any interaction between a probe and skin will 
affect temperature equilibration. It is thus advisable to analyze the results 
studies on diabetics and non-diabetics separately without mixing the data from 
the two groups. 

7.5.4. Glucose Calibration Models from Thermo-Optical Response of 
Human Skin 

Yeh at al studied the effect of changes in glucose concentration on the 
THOR of human kin in the spectral range between 550 nm to 980 nm (35, 36). 
The approach is based on the premises that measuring the skin's THOR signal, 
which was sensitive to that diabetic state, may be used to track effect of glucose 
on optical properties of skin (35). Glucose has no intrinsic absorption bands in 
this spectral range. Reflected light intensity corresponds to blood absorption 
and scattering by cutaneous tissue. It relates to hemodynamic changes in 
cutaneous tissue and the effect of glucose on refractive index mismatch between 
the ISF and tissue connective fibers. 
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Glucose concentrations were correlated with THOR signals at wavelengths 
between 590 and 935 nm in a series of MTT experiments (35, 36). Skin 
temperature was modulated between 22 °C and 38 °C over 2 hours to cause 
periodic changes in skin reflectance corresponding to changes in cutaneous 
refractive index and cutaneous vascular response. Blood glucose concentrations 
were fitted the THOR signals using the 4-tem linear least squares fitting 
equation: 

[Glucose] = ao + l i ai • LngR i (r, X,, T) = ao + Si ai • R ' i (r, X, T) (11) 

In this equation, R i (r, X, T) is the THOR signal at a source-detector distance r 
(mm), wavelength X (nm), an temperature T (°C); ao and ai are the regression 
coefficients. 

7.5.5. Calibration Models at Fixed Source-Detector Distance 

The results of the MTT experiments were analyzed to determine the 
terms that contributed to the model at a single S-D distance. Table 7.8 shows 
the calibration data obtained at a single S-D distance of 0.92 mm for a diabetic 
subject. 

The data (re and SEC) in Table 7.8 show the ability to establish models that 
correlate blood glucose level with THOR signal at a S-D distance of 0.92 mm at 
four wavelengths, as T was modulated between 22 °C and 38 °C. SEC was < 
16.9 mg/dL and re was > 0.92 and. Similar data were obtained for the three 
subjects at S-D distances of 0.44 mm and 1.84. 

The regression models of glucose concentration at a single S-D distance 
had the form: 

[G] = ao + aiLnR (660 nm/ 22 °C) + asLnR (590 nm/ 22 °C) + 
asLnR (935 nm/ 38 °C) - a4LnR (890 nm/ 38 °C) (12) 

Thee short A,s of 590 nm and 660 nm are paired with the low temperature of 
22 °C, and of the long X of 890 nm and 935 nm, are paired with the higher 
temperature of 38 °C (36). LSQ regression models in Table 7.8 suggest that the 
interaction between light and tissue may occur in a specified cutaneous region. 
This region is confined between the depth specified by light penetration at 
shorter X and lower temperature and the depth specified by light penetration 
expected at longer X and higher temperature. In effect, the selection of 
temperature and wavelength can specify a cutaneous volume in the skin that can 
provide a satisfactory calibration relationship between THOR signal and blood 
glucose concentration. 
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Table 7.8: CLSQ regression 4-term fitting equation at a sampling distance 
of 0.92 mm 

Test Calibration model Tc 

0.9 

5 

0.9 
6 

0.9 
3 

SEC 
(mg/dL) 

9.22 

13.2 

14.9 

Run 1 [G] = [5.65 - 1.32R'(660 nm/ 22 °C) 
control + 0.278 R'(590 nm/ 22 °C) 

+5.15R'(935nm/38°C) 
-1.77R'(890 nm/ 38 °C)]xlOOO 

Run 2 [G] = [-9.61 + 2.10R'(660 nm/ 22 °C) 
control _ 1.03 R'(590 nm/ 22 °C) 

-7.71R'(935nm/38°C) 
+ 2.30 R'(890 nm/ 38 °C)] x 1000 

Run 3 [G] = [-4.25 + 2.49R'(660 nm/ 22 °C) 
meal - 4.73 R'(590 nm/ 22 °C) 

- 9.42R'(935 nm/ 38 °C) 
- 3.07 R'(890 nm/ 38 °C)] x 1000 

Run 4 [G] = [-2.72 - 2.16R'(660 nm/ 22 °C) 0.9 11.3 
meal - 2.51 R'(590 nm/ 22 °C) 5 

- 2.99 R'(935 nm/ 38 °C) 
- 7.96R'(890 nm/ 38 °C)] x 1000 

Run 5 [G]-[-3.12 +4.82R'(660nm/22°C) 0.9 16.9 
meal _ 8.30 R'(590 nm/ 22 °C) 4 

+ 2.48 R'(935 nm/ 38 °C) 
- 5.43 R'(890 nm/ 38 °C)] x 1000 

Run 6 [G] = [-4.01 - 3.79R'(660 nm/ 22 °C) 0.9 10.1 
meal - l .76 R'(590 nm/ 22 °C) 2 

+9.10R'(935nm/38°C) 
- 1.08 R'(890 nm/ 38 °C)] x 1000 

Run 7 [G] = [-5.60 -3.10R'(660nm/22°C) 0.9 15.7 
meal _ l.83 R'(590 nm/ 22 °C) 4 

- 1.52R'(935nm/38°C) 
+ 1.80 R'(890 nm/ 38 °C)] x 1000 

7.5.6. Glucose Prediction Models from Thermo-Optical Response of 
Human Skin 

THOR parameters R'(r, X, T) = Ln (Measured Localized Reflectance) 
were used in predicting glucose concentrations. Thirty-two sequences of 
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SbjB Carb. M M I Days by Day4 Modal 

0.67 
20.7 

0.88 
9.7 

0.96 
5.1 

0.69 
39.2 

-0.69 
98.4 

0.75 
25.7 

0.88 
20.0 

Figure 7.8: Reproduced with permission from Reference 35. Yeh et al, Clin. Chem. 49: 924-934 
(2003), with permission of the American Association of Clinical Chemistry 

THOR data at temperatures T^^ ̂  and Tjg ô  were obtained. These were R' (at T22 
ô ) = Ln R(r, X, T^^ ô ) and R' (at T,̂  ô ) = Ln R(r, X,, T3g ô ). Changes in glucose 
concentrations were predicted with a model based on MTT calibration for 
diabetic volunteers, with a SEP <1.5 mmol/L and r^ = 0.73 in 80% of the 
experiments. There were run-to-run shift in the whole response curve, which 
was attributed to site-to-site structural differences. Figure 7.8 shows an 
example of the MTT results for a Type 2 diabetic volunteer (35). 

The correlation between glucose concentration and optical signals was 
attributed to effect of glucose on cutaneous hemodynamic and refractive index 
change. Temperature modulation was suggested to drive one or both of the 
vascular response and cutaneous light scattering in a way that enhances the 
physiological or physical effect of changes in glucose concentration on the 
dermis optical properties (35). Table 7.9 lists the mean-adjusted 4-term linear 
least squares prediction parameters for MTT experiments on the two diabetic 
subjects in the study (35). 

Using a meal tolerance (MTT) calibration model predicted changes in 
glucose concentration in 80% of the NI-MTT runs on diabetic subjects. The 
day-to-day shift in the response curve (bias in the signal) was attributed to 
probe positioning, cutaneous structural effects, or other physiological changes. 
Maruo et al observed a similar bias in the predicted glucose values in a fiber 
optics based NIR absorption experiment (27, 28). There was a fortuitous 
observation for volunteer B on run #8 in Table 7.9. The subject had fever due to 
flue. The predicted glucose values based on day 3 model were in the opposite 
direction to the invasively measured values, with a negative rp value of - 0.69, 
and SEP > 98.36 mg/dL. The effect of fever in this case suggests that testing a 
NI glucose detection method should be performed under different disease 
conditions (1). Glucose concentrations in non-carbohydrate meal runs showed 
considerable scatter when predicted by a MTT calibration model having a wide 
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glucose swing. For the case of protein meal runs, cutaneous hemodynamic 
changes due to digestion affected the optical signal (35). Yeh et al postulated 
that the extent and rate and direction of cutaneous hemodynamic response to 
protein meals may be different from that caused by the change in glucose 
concentration (35). 

Table 7.9: Mean-adjusted 4-term prediction parameters for MTT experiments 
(35) 

Day 

2 
3 
4 
7 
8 
9 

Day 8 
repeat 

[G] 
Range 

mmol/L 

6.93 
6.67 
6.43 
7.04 
4.45 
7.22 

~ 

Volunteer A 

r * 

0.84 
note^ 
0.86 
0.94 
0.73 
0.85 

— 

SEP* 
mmol/L 

1.51 
# 

1.17 
0.96 
1.10 
1.34 
~ 

[G] range 
mmol/L 

3.84 
3.62 
3.49 
7.27 
6.46 
6.84 
7.03 

Volunteer B 

r * 

0.67 
0.88 
note^ 
0.69 
-0.69 
0.75 
0.88 

SEP* 
mmol/L 

1.15 
0.54 

# 
2.18 
5.46 
1.43 
1.11 

Reproduced with permission from reference 35, Yeh et al, Clin. Chem. 49: 924-934 (2003), with 
permission of the American Association of Clinical Chemistry 
* SEP and rp are the mean-adjusted standard error of prediction and prediction correlation 
coefficient 
# Data set used as a calibration model 

Table 7.10. Human data of methods based on light scattering measurements 

Method 

THOR' 

Localized 
reflectance of 

abdomen ^ 

Occlusion 
spectroscopy ^ 

OCT^ 

Specificity 

fis' and |Lia 
Glucose effect 

on nisF and 
perfusion 

|is' of tissue 
Glucose effect 

on nisF 

|is' of blood 
Erythrocyte 
scattering 

Glucose effect 
o n npiasma 

|is' of tissue 
Glucose effect 

on nisF 
a) Reference 35, b) References 39 and 40, c 

Compartmentalization 

Forearm, 
Dermis 0.4 to <2 mm 

depth, 

Abdomen, 
Dermis, subcutaneous 
fat and muscles 0.8 to 

10 mm depth 
Finger, 

Blood vessels 

Forearm, 
Upper dermis 200-600 

lim depth 

Calibration 

OGTT, 
calibration 

model, 
Prediction 

Glucose clamp 
or OGTT, 
calibration 

model 
Glucose Clamp, 

calibration 
model 

OGTT, 
calibration 

model 
) References 42, and d) references 43-44 
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Measurement of a THOR function of human skin offers 
compartmentalization advantages over localized reflectance measurements that 
use large source-detector separation (39-43), as it limits sampling depth to the 
dermis due to probe design. The detection method incorporates temperature 
effect on both the absorption and scattering processes in the near-IR. 
Measurement of Optical Coherence Tomography (OCT) of human skin tracks 
the change in |AS' of the dermal layer as a function of change in glucose 
concentration (43-45). It was possible to establish calibration models in animal 
and human experiments. 

As summarized in Table 7.10, it was possible to establish calibration 
models for THOR, occlusion spectroscopy and OCT, but not for the scattering 
experiments on the abdomen. It was possible to achieve prediction under some 
conditions using THOR. The prediction ability of the other methods is not 
reported yet. Thor, occlusion spectroscopy and OCT have 
compartmentalization advantages over localized reflectance (with large source-
detector separation) and frequency domain methods. 

7.6. ENHANCING SPECIFICITY BY AFFINITY CAPTURE AGENTS 

In the first sections we discussed the issue of specificity using the 
example of direct NIR absorption measurements. In section 5, we discussed the 
use of glucose effect on a tissue property, with the thermo-optical response of 
human skin as an example. In this section we discuss molecular recognition as 
a method of enhancing specificity. 
This recent set of methods is predicated upon the specific capture of a glucose 
molecule by a boronic acid derivative or a glucose-specific enzyme. As a result 
of this interaction a change in an optical property take place and can be used to 
track the concentration of glucose. Molecular capture or molecular 
displacement imparts a level of specificity not found in direct spectral 
measurements. 

Two sets of detection methods were investigated. Fluorescence 
measurements, where the glucose capture step affects an energy-transfer 
process in a fluorescent system. A change in fluorescence intensity or lifetime 
indicates the effect of glucose capture or displacement. 

The second set of methods has the capture agent as part of a macro-molecular 
lattice that acts as a diffraction grating for visible light. Interaction with glucose 
and capture with the embedded agent leads to a different charge distribution and 
modifies the grating layer spacing. The change leads to a spectral shift in light 
falling and detected at a certain glancing angle. 

Both of the fluorescence detection method and the light diffraction method 
involve introduction of a reagent, usually immobilized in a microcapsule or a 
contact-lens type vehicle to measure glucose. Glucose can thus be tracked in the 
ISF, like the case of using implantable electrodes, or in tears, which leads to 
interesting compartmentalization issues, especially for the case of glucose 
measurements in tears. 



NON-INVASIVE MONITORING OF DIABETES 191 

As several chapters in this volume will discuss various aspects of 
fluorescence measurements of glucose, we will briefly discuss fluorescence 
measurements as it relates to other technologies. 

7.6.1. Fluorescence Measurements: 

Fluorescence is known to have more detection sensitivity than absorption 
measurements. Glucose does not have electronic absorption bands in visible or 
NIR spectral range. When glucose solutions were excited with an excimer laser 
line at 308 nm, fluorescence was detected in the 340 and 400 nm, with 
fluorescence maximum at 380 nm (49). Fluorescence intensity was reported to 
change with change in glucose concentration in an aqueous medium. There is 
no explanation as to the molecular origin of this fluorescence. 

In vitro florescence assays for glucose have been studied as steps towards 
its in vivo determination. Several methods are based on fluorescent resonance 
energy transfer (FRET) and on competition between glucose and dextran for 
concanavalin-A (con-A) binding sites. The assay components are con-A labeled 
with an energy acceptor or an energy donor and dextran labeled with the 
complimentary molecule for FRET (50-52). 

A fluorescence biosensor incorporates rhodamine labeled con-A (TRITC-
con-A ) as energy acceptor and fluorescein-dextam (FITC-dextran ) as energy 
donor. Both molecules are chemically conjugated into a hydrogel network (50). 
In the absence of glucose, TRITC-con-A binds with FITC-dextran, and the 
FITC fluorescence is quenched through FRET. Competitive glucose binding to 
TRITC-con-A liberates FITC-dextran, resulting in increased fluorescence 
intensity proportional to the glucose concentration. In vitro fluorescence 
response was linear over a glucose range between 0 and 33 mmol/1 (50). 
Another glucose assay uses FRET between con-A labeled with fluorescent 
protein allophycocyanin (APC) as donor, and dextran-malachite green as an 
acceptor. Glucose displaces dextran- malachite green, increasing APC 
fluorescence intensity. The in-vitro assay had glucose dynamic range extending 
from 2.5 to 30 mmoles/liter (51, 52). 

Conceptually there are two configurations for applying fluorescence 
measurements for glucose detection. One configuration is use of implanted 
encapsulated reagents under the skin, in the form of a tattoo. This implanted 
tattoo can be used for the measurement of glucose in the ISF. A second 
configuration is incorporating fluorescence-generating reagents is in the form of 
contact lens for glucose measurement in eye tears. In both configurations 
fluorescence-generating reagents are encapsulated in polymer matrices. 
Encapsulation of florescent agents in polymer matrices was described (53-55), 
and advances in encapsulation have been made over the past few year. 

Lakowicz's group developed a sensing technology, using a daily use, 
disposable contact lens embedded with sugar-sensing boronic acid containing 
fluorophores. Boronic acid fluorophores embedded in commercial contact lens 
and immersed in glucose solutions undergo change in fluorescence intensity and 
wavelength upon binding to glucose (56, 57). The fluorescent contact lens film 
has the highest sensitivity at low glucose concentrations, which correspond to 
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that in tear fluid. In in-vitro experiments, they showed that this approach is 
indeed suitable for the continuous monitoring of changes in glucose levels in 
the concentration range (50-500 micro molar). The polymeric hydrogel 
embedded fluorophore approach allowed sensing low glucose concentrations 
similar to the concentration range in tears. 

March et al polymerized a fluorescent complex within a hydrogel to make 
an intraocular lens that responds well to glucose concentration (58, 59). The 
patient wears the lens, which changes its fluorescence depending on glucose 
concentration. A TRITC-con-A / FITC-dextran, system was incorporated in the 
contact lens material. FITC fluorescence is quenched through FRET, 
displacement of FITC-dextran by glucose molecules decrease the extent of 
quenching and allows observation of FITC fluorescence. The contact lens was 
excited at 488 nm and detected by a handheld device. An OGTT was performed 
on five fasting patients with type-2 diabetes. Contact lens fluorescence and 
venous blood glucose were measured over a three hours period. Contact lens 
fluorescence appeared to track blood glucose with a time delay. There is no 
details of the data analysis, but predicted glucose values were plotted against 
true glucose values and showed reasonable distribution. The predicted glucose 
values are, most probably, the results of cross-validation prediction process. 
The fluorescent contact lenses were comfortable and were tolerated well during 
the three hours experiment, even in patients who had not previously worn 
contact lenses (59). 

A novel fluorescence technique was described by Strano' group, who 
demonstrated new opportunities for nanoparticle optical sensors that fluoresce 
in strongly absorbing media of relevance to medicine or biology (60). These 
single-wall carbon nano-tube sensors can be excited and do emit in the NIR. 
Molecular detection using near-infrared light because of greater tissue 
penetration and reduced auto-fluorescent background in thick tissue or whole-
blood media. 

Carbon nanotubes have a tunable near-infrared emission that responds to 
changes in the local dielectric function but remains stable to permanent 
photobleaching. They reported the synthesis of single-walled carbon nanotubes 
that modulate their near-infrared emission in response to the adsorption of 
glucose. Derivatized single-wall carbon nanotubes can be implanted under the 
skin. Fluorescence can be excited and detected in the same way the FRET 
polymer-encapsulated tattoos can be excited. 

7.6.2 Use Light Diffraction Elements 

Asher's group developed a novel photonic sensing material, which 
responds to glucose concentrations via diffraction of visible light. Polymerized 
crystalline colloidal arrays (PCCAs) are periodic crystalline lattices of 
polystyrene micro spheres polymerized within thin hydrogel films (61-64). 
These were called photonic crystals. The arrays are brightly colored and act as 
diffraction gratings for white light following Bragg diffraction equation 
(62,63): 
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AA. = n.d/sin0 (13) 

In equation 13, n is the refractive index of the system (medium, hydrogel 
and colloids), d is the spacing between the diffracting planes, X, is the diffracted 
wavelength and, 0 is the glancing angle between the incident light and the 
diffracting planes. Change in electric charge in the PCCAs by binding 
molecular or ionic species causes changes the spacing, d, and there is a 
subsequent wavelength shift, AX of the light reflected off the array. 

Bragg diffraction depends on the refractive index of the system (solvent, 
hydrogel and colloids), the spacing d between the diffracting planes. The array 
will act a s a diffraction grating for white light allowing a specific diffracted 
wavelength X, to be detected at a specific glancing angle between the incident 
light propagation direction and the diffracting planes Incorporation of charged 
species, or change in electric charge in the PCCAs, causes the arrays to expand, 
changing the spacing d. The diffraction pattern then changes causing a 
wavelength shift in the light reflected off the array. 

Several studies show the ability of the PCCA films to detect metal ions, 
creatinine and glucose (61, 63, 64). Asher et al constructed a glucose photonic 
sensor in the form of a thin acrylamide diffracting PCCA hydrogel film that 
contains glucose oxidase or phenyl boronic acid crystals as the molecular 
recognition elements. Attachment of glucose causes change in charge 
distribution. Glucose capture by glucose oxidase, or phenyl boronic acid, results 
in change in the spacing d in the Bragg equation, causing shifts in wavelengths 
of diffracted light. For example, 0.1 mmol/1 glucose concentration causes the 
diffracted light to shift from yellow at 550 nm to red at 600 nm (64). 

A glucose photonic sensor in the form of thin acrylamide PCCA hydrogel 
films that contained glucose molecular recognition elements was constructed 
(61- 64). Phenyl boronic acid derivatives in the lattice bind glucose, causing a 
change in charge distribution and a blue shift, -AX, of diffracted light (61). In-
vitro experiments showed that AX responded to change in glucose concentration 
with highest sensitivity < 10 mmol/1 glucose (61, 64). The magnitude of the 
blue shift decreased as a function of glucose concentration, when glucose 
approached 20 mmol/1 (61). This made the PCCAs suitable only for detection of 
tear glucose concentration, which is considerably lower than that of blood. The 
PCCA lattice shrinks as glucose concentration increases (61), and possibly 
reaches a lower limit where minimal AA, is observed. The PCCA polymer film 
sensor is conceived to be used as a contact lens, which changes color according 
to glucose concentration in tears. 

Lowe's group developed a different way of making molecular diffractive 
sensing elements Polymeric diffraction gratings that can be used for detecting 
glucose and other small analytes (65-68). A method of replication was 
developed as opposed to the synthetic method of making the PCCAs (61). The 
fabrication method has the possibility of large scale manufacturing of these 
disposable diffraction gratings. Molecular recognition elements are grafted into 
the polymeric structure and they act in the same way the photonic crystals, they 
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change the angle of diffraction as glucose is captured. A shift in the 
wavelength, of the diffracted light results and change and is perceived as a 
change in the color of the polymer diffractive element. They can be used as 
contact lens in the same the photonic crystal polymer film can. 

7.6.3. Specificity and Compartmentalization in Contact Lens Sensors 

Use of boronic-acid containing capture elements depends on interaction 
between glucose and a specific binding molecule. It will have a specificity 
advantage over near infrared absorption and scattering methods, but successful 
application in vivo is awaited. The dynamic range is limited to the glucose 
concentration in tears (61). Reversibility of AX change upon reversing the 
change in glucose concentration must be demonstrated in animal model and in 
human volunteers (69). 

The contact lens sensor construct utilizes tear as a body fluid, and so the 
relative concentration and lag time between glucose concentrations in tears and 
in the vascular system will require detailed studies. 

There are limited reports on the relationship between tear and blood 
glucose concentrations. The relationship seems depend on the sampling tears 
method and extent of eye irritation during sampling (70). Tears are generated in 
the lachrymal glands. External stimuli affect the rate of tear generation. Citing 
earlier references, Van Haeringen suggested that tissue fluid, and not the 
lachrymal gland fluid, contributed to the "tear glucose" after mechanically 
stimulated methods of collection, making a relationship between tear glucose 
and blood glucose concentrations as that between blood glucose and tissue 
fluid (70). 

Earlier tear glucose studies were semi quantitative using color-strips and 
did not include glucose surge experiments. Tear glucose concentration tracked 
blood glucose with a time lag in an OGTT (71). A time lag of about 20 minutes 
was calculated from graph (69). It generally tracked blood glucose during the 
day (72, 73). Tear glucose levels can be elevated by mild abrasion of the 
conjunctival epithelium and exposure to hypotonic solutions. Non-mechanical 
stimuli causing reflux tears, such as light flashes and noxious vapors decrease 
tear glucose levels (69). However, March et al report the use of a fluorescent 
contact lens sensors in an OGTT experiments the fluorescent contact lenses 
were comfortable and were tolerated well during the three hours experiment. 
Examination of the corneas immediately at the end of the three-hour experiment 
showed no signs of abrasion, cloudiness, or damage (59). Longer term wear 
experiments are till needed. 

The in-vitro, artificial tear fluid data suggests a simple in vitro calibration 
of AA-versus tear glucose concentration in artificial tear fluid (61). In vivo 
calibration must correlate AX, with blood glucose concentration. If lag times or 
other confounding factors are found, algorithms that account for these factors 
will be needed (69). Effect of eye irritation, lachrymating agents and 
environment must be studied. It is important to decide whether the readout will 
be visual semi-quantitative using color charts or quantitative using a 
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spectrometric device. In vivo, animal and human experiments are needed to 
address these issues (69). 

The polymer film sensor is conceived to be used as a contact lens, 
which changes color according to the glucose concentration in tears. The use of 
glucose oxidase or phenyl boronic acid to capture glucose from tears has 
specificity advantages. The polymer film methods measure glucose in tears, the 
relative concentration and lag time between glucose concentration in and in 
tears requires detailed studies (69). 

7.7. CONCLUSIONS 

There is no NI method for the determination glucose that offers clinically 
acceptable results that will allow it to replace present invasive methods. There 
are several recent attempts at improving the understanding the factors affecting 
a non-invasive glucose measurement. 

Methods used for the NI determination of glucose can be classified into two 
broad categories as: methods that track a glucose property, and methods that 
track the effect of glucose on tissue properties. Specificity, 
compartmentalization and calibration were identified as the main issues with the 
NI glucose measurements. 

We examined NIR absorption as an example if the first type of methods, 
showing the extremely small of magnitude of specific absorptivity of glucose in 
this spectral range and the need to develop methods for enhancing the 
signal/noise ratio in order to improve the chance of glucose quantitation. 

We examined NIR thermo-optical response of human skin as an example of 
the second type, of detection methods, where the effect of glucose on the optical 
properties of the skin may be correlated with the change in glucose 
concentration. 

There are some general conclusions that can be derived from the studies on 
the thermo- optical response of human skin. There are mainly: 

a. A measuring probe and skin changes temperature distribution in tissue. 
b. Changes in cutaneous temperatures caused changes in the measured 

jis', l̂ a, and light penetration depth in tissue. 
c. The thermo-optical response, THOR fiinction, of human skin varies 

with the diabetic state of the subject. 
d. It was possible to establish a classification of the diabetic state based 

on a THOR function and discriminant analysis. 
e. THOR response correlated with the change in glucose concentration in 

a set of meal tolerance tests in diabetic individuals. It was possible to 
establish calibration models for all the cases and to predict changes in 
glucose concentration for most of the cases. 

We examined the use of specific capture agents as an example of a way to 
enhance specificity. The use of these methods involves incorporating a 
fluorescent reagent in an encapsulated format under the skin, insertion of a 
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derivatized carbon nano-tube under the skin, or use of a contact lens 
configuration. Recent clinical studies on the use of fluorescent contact lens 
showed the feasibility of specific displacement in a human experiment. The use 
of encapsulated reagents, insertable nano-wires may not be construed as a truly 
non-invasive and may be classified as minimally invasive. A similar argument 
can be used for the case of the contact lens configuration. At this stage in 
development, it may be useful to forgo the classification attempt and dwell on 
resolving the issues of specificity, compartmentalization and calibration. 

Attempts to improve specificity include methods to minimize biological 
noise, use external stimuli, and controlling measurement condition. Methods 
that define specific compartments include limiting tissue volume targeted for 
the measurement and selecting body site with homogeneous tissue structure. 
Enhancing calibration will involve methods to assure absence of overfitting and 
testing for overfitting, methods to avoid chance physiological correlations and 
methods to simplify the calibration process. The use of a limited number of 
variables for the fitting equation and spreading the measurement time over 
multiple sessions covering various physiological conditions can decrease the 
chance of overfitting. 

Methods to improve calibration include decreasing the number of 
terms/factors in the fitting equation, simplifying the variable, and relating the 
variables to physically and physiologically meaningful effects of glucose and 
diabetes. 

Although our understanding of non-invasive glucose measurements has 
advanced in the past few years and novel dew detection technologies keep 
appearing on the horizon, improvements in minimally invasive electrochemical 
detection methods using insertable electrodes advances too and raise the bar for 
any future truly non-invasive detection technique. This will undoubtedly result 
in improvements in diabetes care. 
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OPTICAL ENZYME-BASED GLUCOSE 
BIOSENSORS 

Xiao Jun Wu and Martin M.F. Choi* 

8.1. ABSTRACT 

The development of glucose enzyme biosensor and its associated techniques 
are succinct reviewed, in the framework of optical transducer. The coverage of 
this review mainly includes a concise discussion on the characteristics of 
common optical transducer, enzyme immobilization techniques, enzyme 
stabilization and mass transfer efficiency, followed by a general description of 
format and performance of glucose biosensors, and finally a brief commentary 
on analytical features and applications. Very recent achievements of our group 
in the technique of glucose biosensor construction, particularly in the use of 
mixed water-miscible organic solvents and micelle are also covered in this 
review. 

8.2. INTRODUCTION 

Biosensors are widely applied to many fields such as biocatalytic process, 
medical care, food, environment, industries, security and defense. ̂ "̂  
Enzyme-based biosensors are analytical devices that utilize immobilized 
enzyme(s) as biological recognition component(s) and a transducer for 
biosensing signal. Accordingly, the biosensing process of a biosensor is 
regarded as a heterogeneous phase reaction with the immobilized enzyme 
functioning as a biocatalyst, and the biosensing signal is captured on the 
interfacial area between the immobilized enzyme and transducer. The 
development of techniques for glucose determination has attracted considerable 
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interest over past several decades^"^ since glucose determination is essential for 
diabetes diagnosis, fermentation process and food industry. Numerous 
techniques for glucose detection such as enzyme-based biosensor, optical 
rotation, near-infrared absorbance, Raman scattering, and resonance energy 
transfer have been developed successfrilly. Among them, biosensors based on 
glucose oxidase (GOx) are most widely used as it is robust and offers high 
sensitivity. Since Clark and Lyons reported the first enzyme glucose electrode in 
1962,^ the development of glucose biosensors has been growing extensively. 
Glucose oxidase plays a very important role in the construction of glucose 
biosensor as GOx is a very efficient biocatalyst for the oxidation of glucose^^ as 
presented in the following reactions: 

D-glucose + GOx(FAD) - • D-gluconolactone + GOx(FADH )2 (1) 

GOx(FADH^ + O2 -^ GOx(FAD)+H202 (2) 

During the reaction, flavin adenine dinucleotide (FAD) is a prosthetic 
group, functioning as an electron mediator between glucose and oxygen; 
sequentially a glucose molecule is enzymatically oxidized by an oxygen (O2) 
molecule, releasing stoichiometrically equivalent hydrogen peroxide (H2O2) and 
D-gluconolactone. Furthermore, D-gluconolactone is quickly converted into 
gluconic acid according to the following hydrolysis reaction: 

D-gluconolactone + H2O > D-gluconic acid (3) 

Thus, based on these reactions, numerous enzyme glucose biosensors have 
been developed. The optical measurement of glucose relies mainly on detection 
of 02,^ '̂ ̂ ^ H202,̂ '̂̂ ^ gluconic acid,^ '̂̂ ^or GOx^ '̂̂ ^ as schematically illustrated in 
Figure 8.1. Glucose oxidase from Aspergillus niger is very stable and relatively 
cheap; therefore, it is not only used for development of glucose biosensors, but 
also in other fundamental studies. 

Up till now, a vast number of glucose biosensors in literature are 
amperometric electrodes that rely on the electrochemical properties of the 
biocatalytic reactions. These biosensors are based on the consumption of O2, 
oxidation of H2O2 with/without redox mediators, and direct electron transfer 
between the immobilized GOx and the electrode surface.̂ '̂̂ "̂  On the other hand, 
optical biosensors have been developing very rapidly since 1970s.̂ "̂̂ ^ The 
promising features of an optical biosensor are generally related to simple design, 
ease of operation, free from electric and magnetic interference, and suitability 
for in situ or on-line remote monitoring. To date, the optical method can, in 
principle, image single molecule with extremely high spatial resolution.^^ This 
latest advancement has catalyzed the expansion of optical glucose biosensors. 
In developing optical glucose enzyme-based biosensors, the most important 
technology is to merge an immobilized enzyme with a transducer since the 
techniques in the interfacial design determine the analytical characteristics of 
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Figure 8.1. Optical biosensing strategies based on enzymatic reaction of glucose oxidase. 

the resulting biosensor. As light or electromagnetic signal is able to transfer 
freely over space, the performance of an optical device is less dominated by the 
spatial combination of these two component systems. 

Since many excellent reviews have appeared in recent years,'̂ '̂ '̂̂ '̂̂ '̂*^ in 
which and also elsewhere the development of optical techniques and glucose 
biosensor are extensively summarized, the present review does not intend to 
cover the exhaustive research domain of glucose sensor, but selectively 
describes and evaluates the progress of optical glucose biosensor, and its recent 
advances together with our research. The primary focus is mainly on optical 
enzyme-based glucose biosensor in the aspects of enzyme immobilization, 
assembling, and operation mode with a slight touch on other techniques. 

8.3. OPTICAL TRANSDUCTION USING COMMON OPTICAL 
TRANSDUCERS 

Over the past years, various transduction methods have been developed. 
Among them, amperometric electrodes have attracted the most attention 
because of their well-known fundamental concepts and high sensitivity in 
performance.^^ On the other hand, optical transducers have been playing a more 
and more significant role in the fabrication of biosensor for more than two 
decades."̂ ^ The foremost reasons are probably that: (1) the fundamental physical 
and chemical principles of the optical techniques are better understood since 
1970s; (2) numerous useful opto/electronic components are commercially 
available; (3) optical fibers offer superior advantages such as remote in-situ or 
on-site detection, high degree of wavelength selectivity, high information 
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carrying capacity, and multi-channel analysis; (4) a large number of sensing 
reagents being inactive or less active in electrical properties e.g. redox reactions 
are possibly active in some optical properties. 

Optical techniques are extensively reviewed by many authors. For instance, 
Kuswandi et al. technically reviewed sensing element for coupling with optical 
fiber with detailed illustration of numerous measurement examples including 
glucose biosensors.^^ Since the optical measurement methods and the 
transduction techniques are critical considerations in achieving desirable 
analytical characteristics, some selected enzyme-based optical glucose 
biosensors which employ the light properties such as absorbance, 
chemiluminescence (CL) and electrogenerated chemiluminescence (ECL), and 
fluorescence are thus briefly described in the following sections. 

8.3.1. Absorbance Measurement 

Absorbance measurement is still one of the most useful approaches in both 
fundamental research and analytical application for glucose biosensors because 
the technical procedure is quite simple and readily obtainable either in literature 
or from any biological technique company. In addition, the glucose biosensor 
can even achieve high and satisfactory sensitivity with a set of cheap visible 
colorimeter/photometer. As a matter of fact, numerous commercial glucose test 
kits, test papers, and biosensing systems are based on the knowledge of 
absorbance. In general, one reagent or reaction has to be involved in the 
biosensing scheme to react with H2O2 or proton ion to develop color products. 
For example, colorimetric assay H2O2 can be carried out precisely at 460 nm by 
measuring absorbance change of oxidized o-dianisidine; thereby, in conjugation 
with this assay, glucose determination can be performed by using an 
immobilized GOx. ^ This similar method is not only widely employed to 
measure glucose concentration, but also frequently use to assay the biocatalytic 
activity of immobilized GOx such as GOx entrapped in the sol-gel matrix."^^ 

In addition to colorimetric assay, there are several other significant 
absorbance techniques for glucose determination without using peroxidase and 
chromogen. For example, the color of polyaniline membrane is strongly pH 
dependent; thus, by measuring the absorbance of the polyaniline membrane in 
which GOx is entrapped, glucose determination can be induced. ̂ ^ The merit of 
this optical transducing technique is that the sensitive membrane is easy to 
prepare and the biosensor does not need other pH indicator dyes. In other design, 
the glucose biosensor can also be designed to measure the absorbance change of 
GOx complex due to its conformational change during the reaction. For 
example, the glucose measurement is realized by detecting the absorbance 
change of the reversible complex of GOx and 
meso-tetra(4-carboxyphenyl)porphine at peak wavelength of 427 nm."*̂  
Furthermore, the absorption change in FAD of the immobilized GOx can even 
be employed directly to detect glucose.^^' ̂ '^ The initial rates of reduction of the 
FAD is measured in the presence of glucose; thus, the decrease in the 
absorbance is related to the glucose concentration. 
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In general, there are two distinct advantages with absorbance-based 
biosensing techniques. Firstly, the number of available light wavelengths can be 
selectively employed. Secondly, they are generally considered as high precise 
methods for the measurements of glucose when the absorption is taken at the 
complete conversion of glucose to gluconic acid. However, the key 
disadvantage is that it requires a transparent sample solution and color or turbid 
samples hamper the detection. 

8.3.2. Chemiluminescence or Electrogenerated Chemiluminescence 
Measurement 

Measurement of CL or ECL is widely used for detecting H2O2 formed 
during the enzymatic reaction of glucose and O2. The typical luminescence 
response mechanism is based on the biocatalytic or electrochemical schemes as 
follow:"''^ 

horseradish 
peroxidase 

luminol + H2O2 + OH- -> 3-aminophthalate + 2H2O + N2 + hu (maximum ~ 430 nm) 
(4) 

or 
electric 
potential 

luminol + H2O2 + OH- -^ 3-aminophthalate + 2H2O + N2 + hu (maximum ~ 430 nm) 

(5) 

Accordingly, the sensitivity of the luminescence measurement is mainly 
determined by the amount of H2O2 generated from the enzymatic reaction, 
photon yield efficiency of the luminescent reaction, and sensitivity of the 
optical instrumentation. Since excitation light source is not required, this 
biosensing system is generally simpler than that of traditional absorbance-, 
fluorescence-, and reflectance-based optical techniques. As such, these methods 
have distinct advantages of higher selectivity and sensitivity because the 
background light is greatly reduced. 

In the past two decades, CL biosensing devices composed of 
co-immobilized GOx and peroxidase, and luminol have been reported to 
determine glucose. The majority of these biosensing systems are carried out 
under flow mode and slight alkaline conditions. ̂ '̂ ' "^^ By using 
cetyltrimethylammonium bromide, an enzyme CL glucose biosensor 
demonstrates the feasibility of conducting both biocatalytic reaction and CL at 
neutral pH of around 7.5-8.5.^^ In conjugation with optical fiber, an enzyme CL 
glucose biosensor can remotely measure glucose.^^ Recently, several microchip 
CL biosensors have been reported. For example, one microchip CL biosensor is 
developed by co-immobilizimg GOx and horseradish peroxidase (HRP) on 
porous silicon flow through microchips for monitoring glucose.^^ The 
measurement is carried out under microfluidic sequential injection analysis and 
the sensitivity of luminescence generated from oxidation of luminol can be 
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enhanced in the presence of p-iodophenol. This microfluidic CL system is facile 
for monitoring glucose released from living cells.^^ The fabrication technique of 
the microfluidic CL system is also demonstrated by composing 
poly(dimethylsiloxane)/glass microfluidic system with an enzymatic 
bed-reactor packed with immobilized GOx particle.̂ "* Another microfluidic CL 
system is reported for determination of glucose in human serum.^^ The ECL 
techniques are very similar to that of CL, several fiber optic ECLs^ '̂̂ ^ and 
microfluidic ECL^^ systems based on glassy carbon electrode and luminol have 
also been reported in recent years. However, two distinct weaknesses of the CL 
or ECL method are that luminescent reagent is, so far, required, which makes 
the biosensing system fairly complicated; and that the luminescent reactions 
must be conduced under fairly high pH condition since the sensitivity of the 
biosensor is significantly affected by variations in ambient pH. This may limit 
their possible practical applications. 

8.3.3. Fluorescence Measurement 

For many years, fluorescence techniques have been widely applied to be the 
transduction signal of biocatalytic glucose reaction, resulting in considerable 
achievement in the development of glucose biosensor. Although each 
fluorescence method has its own strengths and weaknesses, the fluorescence 
techniques have steadily become the favorable choice in biosensing applications. 
When fluorescence techniques and devices are coupled with immobilized GOx, 
the resulting glucose biosensors generally offer high selectivity and sensitivity. 

The direct measurement of the fluorescence intensity is sometimes 
employed in biosensing field because this technique is relatively simple and 
straightforward. For example, one optical fiber glucose biosensor is constructed 
by immobilizing a pH sensitive dye onto a solid support to monitor the increase 
in fluorescence intensity via pH decrease of the biosensing system with the 
oxidation of glucose to gluconic acid by the biocatalytic action of an 
immobilized GOx.̂ ^ Another example used immobilized Eu(III)-tetracycline 
complex as a fluorescent probe for H202.̂ ^ The largest signal changes with 
H2O2 are observed at pH levels between 6.5 and 7.5; thus, measurement of 
glucose is done in desirable pH media by detecting the fluorescence at 616 nm. 
The performance is reversible in terms of analytical fluorescence signal. The 
measurement of fluorescence of FAD of GOx or a complex of GOx with a 
reagent is also useful technique for detecting glucose.^^ For example, the change 
in intrinsic fluorescence of GOx with the change of glucose content can be 
exploited as an optical biosensing scheme for glucose determination.^^ The 
glucose determination can also be induced by detecting fluorescence of the 
chemical labeled GOx.̂ ^ 

On the other hand, a large proportion of the fluorescence techniques to date 
have been concemed with the depletion of O2 concentration by oxidation of 
glucose under the biocatalytic action of immobilized GOx. Optical O2 
transducers based on O2 dynamic quenching of fluorescence intensity emitted 
from fluorescence dye has received much attention recently.^^ So far, there are 
many enzyme glucose biosensors based on employment of generic optical O2 
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transducers,^^' ^̂ ' ̂ '̂ ^̂  and the working principle and characteristics of these 
transducers are comprehensively discussed in a review article with a few typical 
examples.^^ This biosensing scheme, in conjugation with optical fibers, was 
successfully employed to monitor glucose concentration^^ and free cholesterol 
concentration^ by Wolfbeis' group. Figure 8.2 illustrates a typical optical O2 
transducer (OOT) which is attached to the window of a flow-though cell where 
immobilized enzyme is loaded. Oxygen sensitive particles (OSP) are prepared 
from tris(4,7-diphenyl-l,10-phenanthroline) ruthenium(II) complex absorbed 
onto silica gel particles.^^' ̂ ^ An OOT is composed of an OSP layered behind a 
piece of Teflon membrane as shown in Figure 8.2, or a silicon rubber membrane 
entrapped with some OSP. The response mechanism of OOT is based on 
collisional quenching by O2 of the fluorescence of the ruthenium complex. As 
such, the biosensing measurement can be carried out by detecting the decrease 
in the luminescence intensity during enzymatic oxidation under the 
rear-detection mode. Optical transducer with a black carbon paste membrane 
separating the sample solution from the optical elements can easily reduce any 
ambient or stray light interference on the bioreactor.^^'^ The attractive features 
of OOT are high sensitivity and good specificity, no consumption of O2, 
immune to electric interference from electro-active species, and not easily 
poisoned by other interferants. Moreover, a superior advantage of OOT-based 
biosensor over amperometric electrode is that a slight change in O2 
concentration during the biocatalytic oxidation can be continuously 
accumulated making it amenable to rather slow biosensing process under the 
stop-flow mode; hence it can be a more sensitive method. Employing such an 
analogous OOT, Choi et al. ^̂ "̂ ^ have developed several oxidase-based 
biosensors including four GOx-based biosensors. This transducing method is 
proved to be very useful for assaying glucose concentration. In addition, in 
order to compensate the variation of initial dissolved O2 concentration in the 
glucose solution, two OOTs have also been used to construct an optical glucose 
biosensor.^^ On the other hand, the luminescence lifetime measurement can be 
employed to overcome the variation of initial signal intensity during 
biosensing.^^ For example, a lifetime-based optical sensing device is reported to 
determine glucose by using energy-transfer mechanism.^^ More recently, 
time-resolved luminescence lifetime imaging is employed to visualize glucose 
by using GOx and Eu(III)-tetracycline complex as the fluorescent probe for 
H2O2. The attractive feature of this technique is that the sensing system does not 
involve the use of HRP, and can perform at neutral pH.̂ ^ 

8.4. IMMOBILIZATION OF GLUCOSE OXIDASE 

It is essential to immobilize or co-immobilize enzyme for enzyme 
biosensors. The primary purpose is to confine the enzyme within a bioreactor to 

Oft "̂  1 no '7'X 

maximize its lifetime while maintaining the enzymatic activity. ' ' ' 
However, once enzyme has been immobilized, the apparent enzyme activity is 
usually reduced due to the diffusional barriers between the enzyme and its 
substrate. The most common techniques of enzyme immobilization are 
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Figure 8.2. Schematic diagram of an optical glucose biosensor embroidered with a flow-through 
cell and an optical oxygen transducer: (1) stainless steel cell body, (2) chamber for loading 
immobilized GOx, (3) carbon black paste, (4) Teflon membrane, (5) oxygen sensitive reagent phase, 
(6) transparent window, (7) sample inlet, (8) sample outlet, (9) excitation light beam, and (10) 
emission light beam. 

entrapment, micro-encapsulation, cross-linking, covalent linkage, chemical or 
physical adsorption, and electrochemical deposition or entrapment, to name but 
just a few. Accordingly, the ideal requirements of immobilized enzyme(s) are 
larger amounts of enzyme loading, higher retention of enzyme activity, better 
enzyme accessibility to substrate, longer operation and storage stability, higher 
reactant mass/electron transfer efficiency in the supporting matrix and/or on the 
interfacial area, but no leaching and contamination problems, no 
inter-interference between solution phase, enzyme phase and transducer element. 
Over the years, numerous immobilization techniques have been developed. 
Although the approaches are different, the main consideration should engender 
the immobilized enzyme with good stability and high apparent biocatalytic 
activity, as well as offering high mass transfer efficiency for reactant transport. 
In this review, the underlining immobilization strategies are described in three 
basic categories: (1) enzyme to be immobilized onto surface of transducer or 
solid supporting materials such as beads, film or membrane; (2) enzyme to be 
entrapped beneath/in supporting materials such as permselective membranes 
and polymer gels; and (3) enzyme to be immobilized with bulk polymer matrix 
such as bulk sol-gel encapsulation and blend composite. Types of immobilized 
GOx and the general comparison of the common configurations of them are 
listed in Table 8.1 
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Table 8.1. 

Format of 
immobilized 
glucose 
oxidase 
(GOx) 

GOx 
immobilized 
on the 
surface of 
support 
materials 
GOx mixed 
within 
support 
materials 

GOx 
beneath/ 
behind 
membrane 

GOx 
entrapped in 
thin film(s) 

GOx 
entrapped in 
bulky 
matrix 
GOx 
entrapped in 
the particles 
of support 
matrix 

Comparison of common immobilization formats for glucose 

Supporting material 

Porous glass beads 

Carbon black powder 
Nylon membrane 

Bovine serum 
albumin network 

Carbon paste with 
mineral oil 
Rigid matrix of 
graphite powder and 
Teflon powder 
Gold nanoparticle in 
silicate network 

Dialysis membrane 

Ultrafiltration 
membrane 
Sol-gel silicate film 
Polyacryl-
amide film 

Sol-gel silicate film 
Poly(p-chlo-rophenyl-
amide) 
Poly(p-chlo-rophenyl-
amide)/Nafion 
Sol-gel monolith 

Poly(vinyl alcohol) 
gel 
Polysacch-aride 
polymer bead 

Sol-gel silicate 
particle 
Nano­
particle 

Enzyme 
loading 

Very 
high 
High 
Fair 

High 

High 

High 

Moderate 

High 

High 

Moderate 
Moderate 

Moderate 
Fair 

Fair 

High 

Moderate 

Moderate 

High 

High 

Surface 
area to 
volume 

Very 
large 
Large 
Fair 

Moderate 

Large 

Very 
large 

Very 
large for 
gold 
nano­
particle 
Small 

Small 

Small 
Small 

Small 
Small 

Small 

Very 
small 

Very 
small 
Moderate 

Very 
high 
Very 
high 

Diffusion 
efficiency 

Very high 

High 
High 

Moderate 

Fair 

Moderate 

Fair 

Low 

Low 

Fair 
Fair 

Fair 
Fair 

Low 

Very low 

Extremely 
low 
Fair 

High 

Fair 

Operation 
stability 

Low 

Low 
Low 

Fair 

Fair 

Fair 

Fair 

Low 

Low 

Low 
Good 

Good 
Good 

Better 

Good 

Good 

Fair 

Good 

Fair 

oxidase 

Storage 
stability 

Low 

Low 
Low 

Fair 

Good 

Fair 

Fair 

Low 

Low 

Fair 
Good 

Good 
Good 

Better 

Excellent 

Excellent 

Good 

Excellent 

Fair 

8.4.1. Immobilizing Enzyme on Surface 

The techniques of immobilizing enzyme on surface are useful because it is 
usually quite simple and the immobilized enzyme can achieve rather high 
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apparent biocatalytic efficiency. When the supporting material is particles e.g. 
Sepharose beads,̂ '* or large surface membrane e.g. rough nylon,̂ "̂  it possesses a 
large surface area to volume ratio which appears more favorable for enzyme 
immobilization. In this approach, the role of the supporting material mainly 
provides large surface area with desirable chemical and physical properties; 
thereby the enzyme can be immobilized on sites for biocatalytic purpose. 
Because the enzyme is not covered by a film, the enzymatic reaction is quite 
fast due to high mass transfer efficiency of the substrate. A variety of synthetic 
and naturally occurring materials, as partially listed in Table 8.1, have been used 
for GOx. In general, materials with large surface area and porous structure such 
as controlled porous glass beads (CPG) can provide large surface area for GOx 
immobilization, resulting in high apparent enzyme activity. However, the 
operation stability of GOx directly exposed to solution is generally 
unsatisfactory because the immobilized GOx is easily interfered by external 
factors. 

Recently, the attachment of enzyme onto solid support e.g. surface of 
electrode is considered to significantly influence the apparent enzyme activity 
of the immobilized enzyme because of both electrical and mechanical means of 
confinement.^^ Fortunately, the optical transducing process is not significantly 
limited by the electronic detention. Enzyme may adsorb on supporting surface 
in monolayer or multilayer in various mechanisms. Lately, the mechanisms of 
direct electrodeposition of GOx on a platinum electrode are fimdamentally 
investigated by using GOx micelle solution in order to precisely control the 
layers and properties of deposited GOx on a surface.^^ This technique is helpfiil 
to explore and optimize the apparent enzyme activity. 

In essence, three attractive advantages of this biosensing system are that: (1) 
the difilisional distance of the substrate from interface to enzyme is the shortest 
among any other immobilization systems; (2) there is no barrage region 
between the enzyme and the substrate; and (3) it is possible to achieve high 
enzyme loading on huge surface area of the supporting material. Consequently, 
the biosensing system can sometimes show quite high sensitive response to 
analyte. On the other hand, the means of immobilizing GOx onto supporting 
surface has two major shortcomings: (1) the immobilized enzyme is difficult to 
be accommodated on the interfacial area; and thus, (2) a wide variety of 
interferants from biological fluids can disable the performance on line in few 
hours. Fortunately, these weaknesses are not so significant for high degree 
conversion of glucose when using larger amount of immobilized GOx since the 
conversion is less sensitive to the variation of enzyme activity. For instance, a 
number of glucose biosensors based on absorbance,^^ CL,̂ "̂ ' ̂ '̂ ' ̂ ^ and ECL^^ 
rather prefer to immobilize GOx onto small particles such as CPG. in order to 
provide high enzyme loading. 

8.4.2, Enzyme Entrapped In or Buried Behind Thin Homogenous Film 

For many years, the techniques of the film/membrane masking/entrapping 
enzyme have become attractive means for developing enzyme-based biosensor 
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for real sample analysis^^'^^ The most important feature of these techniques and 
configurations is that the enzyme immobilization membrane can be ready to 
couple to the transducer surface while the massively immobilized enzyme can 
be accommodated much better by the functional environment than that onto the 
uncontaminated surface of solid support. Accordingly, this approach can help 
effectively protect enzymes from denaturing and avoid unfavorable 
micro-environments; as a result, the operation stability of the immobilized 
enzyme is profitably improved. A variety of polymers, both synthetic and 
naturally occurring as shown in Table 8.1, can be employed to construct 
membrane configuration glucose biosensor. For optical biosensor, the polymer 
membrane and the structure of the immobilization enzyme is designed to hold 
the enzyme for biocatalytic reaction, create the interface for transducing the 
biosensing signal, and sometimes control the diffusion of the substrate to the 
enzyme in order to optimize the sensitivity, reproducibility, selectivity, and 
response time. Hence, the design of the membrane is crucial for serving these 
multiple purposes. 

Several membrane techniques have been explored to fabricate membrane 
glucose biosensors. .Some membranes can separate the larger molecule of the 
enzyme from test solution while the smaller substrate molecules can easily 
diffuse though the membrane. Thus, the simplest way is to preserve the enzyme 
behind a semi-permeable membrane e.g. dialysis membrane. ̂ ^ Although this 
technique is even simpler than immobilizing the enzyme on surface, it is a less 
promising method in view of sensitivity as this skill uses a large amount of 
enzyme that creates serious mass transfer barrier for both substrates and 
products. This is because the massive enzyme behind the membrane tends to 
aggregate, leading to low apparent biocatalytic activity. So far this mean of 
immobilization enzyme has become less attractive. 

Coating or dropping enzyme cocktail solution onto the surface of transducer 
or support is more often employed because this procedure is also quite simple, 
and the enzyme can be evenly dispersed in the resulting homogenous membrane 
or film. However, the apparent enzyme activity can be reduced because the 
enzyme movement is significantly limited and the substrate diffusion efficiency 
is much declined by the polymer network. Therefore, the main consideration of 
the membrane design is that the pore size must allow rapid difRision of glucose 
and O2 and yet retain the enzyme. Many kinds of hydrophilic polymers listed in 
Table 8.1 have desirable densities and compositions similar to those of common 
natural tissue; thereby, they are frequently employed to entrap GOx. The 
amount of polymer matrix and enzyme is also crucial in designing immobilized 
GOx membrane. Biosensor with the thin film technique can attain very fast 
optical response time, but may not achieve high sensitivity. This is because the 
conversion of the substrate is largely restricted by the available enzyme when 
the rate of response is limited by the enzymatic reaction, but not the substrate 
diffusion due to very limited interfacial area, and difficulty in high enzyme 
loading. On the other hand, although a biosensor employing a thicker 
membrane for loading more enzymes can generate more stable response signal, 
it is very sluggish in response to analyte due to slow diffusion of the substrate. 
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Comparing to monolayer film, multilayer films technique can effectively 
optimize the most important issues such as loading and movement of enzyme, 
substrate diffusion, and interferants exclusion by carefully configuring the 
multiple films and sensing strategy. For sandwich configuration of 
immobilization, the outside film is generally a thin film to restrict the enzyme, 
enlarge the surface of the membrane for enhancing substrate flux, and repel 
interferants whereas the base layer between enzyme and transducer is arranged 
to favorably support the enzyme and increase efficiency in transducing the 
biosensing signals.^^' "^ However, with the middle slushy layer mainly 
composed of large amount of high freedom enzyme, the biosensor shows low 
mechanical strength. Moreover, such a biosensor still exhibits unsatisfactory 
substance flux due to small interfacial area. 

The most effective film immobilized GOx technique is one that is able to in 
situ polymerize electrically and chemically to create some immobilization 
architectures.^^ The key advantage is that the immobilized enzyme in 
electro-polymerized films provides the possibility of precisely 
electro-generating a polymer film on conductive micro-surface of complex 
geometry. In addition, the film or membrane can be well adhered onto or 
contacted with the surface of transducer without trapping any gap between them, 
which is very important in facilitating high mass transfer or electron transfer 
efficiency. Although it seems to be a promising technique, it is not yet the 
preferred approach probably due to its complicated procedures and the 
difficulty in increasing enzyme loading in an electro-polymerized membrane. 

8.4.3. Enzyme Entrapped Within Sol-Gel Matrix 

Recently, more complex film and three dimensional immobilization 
techniques have been growing very rapidly. Among them, the entrapment of 
GOx with sol-gel matrix is the most fashionable; as a result, numerous sol-gel 
based glucose biosensors have emerged.^^ In general, GOx can be well 
entrapped within the cages of sol-gel network, without much losing its intrinsic 
biocatalytic activity. The porous nature of the sol-gel structure allows small 
glucose to diffuse through the matrix to reach the encapsulated GOx; but the 
pore size may restrict the GOx's biocatalytic function in the micro-environment 
structure of this silicate matrix. At the same time, the thermal stability of the 
encapsulated GOx can even been much enhanced."^^ Thus, it is recognized that 
the entrapment of GOx cannot be simply immobilized by this technique. In fact, 
an essential role of the silica cage is to protect the enzyme to preserve its 
biocatalytic activity for longer term and more stable use.^^ Unfortunately, the 
sol-gel approach has two distinctive drawbacks. First, despite the significant 
increase in enzyme loading together with large amounts of supporting matrix, 
the resulting glucose biosensor may still present fairly low sensitivity. This is 
because the interfacial area between solution and the silicate matrix is still 
rather small and the thicker silicate matrix also creates longer diffusional 
pathway for the substrate; consequently, the entrapped GOx shows low mass 
transfer efficiency for the substrate. Under the serious substrate flux limitation 



OPTICAL ENZYME-BASED GLUCOSE BIOSENSORS 213 

with small interface of the thicker silicate matrix, the response of the glucose 
biosensor can only reach a certain constant level even though the glucose 
concentration is higher. Therefore, such biosensor is practically useless for the 
determination of high glucose concentration when its response is governed by 
serious mass transfer process. Second, such entrapped GOx membrane or 
monolith in conjugation with an optical transducer, especially with an optical 
fiber, has only a small interfacial transducing area between rather limited 
available surfaces of the sol-gel immobilization monolith or membrane and the 
optical transducer or optical fiber tip. As a result, the biosensor can only attain 
very weak signals, and also small transducing signal with low signal-to-noise 
ratio. 

To facilitate high mass transfer efficiency, the matrix of entrapped GOx can 
be ground into small particles as they not only offer larger surface area to 
volume ratio, but also shorten the diffiisional distance for the substrate. As such, 
the substrate flux is much enhanced and internal diffusion of the substrate is 
also greatly improved. Moreover, the huge surface area of the particles provide 
potential for coupling with several types of transducing devises such as OOT^^ 
and absorbance."^^ 

8.4.4. Enzyme Immobilized By Nano-Technique and With Nanoparticles 

In recent years, nano-technique and nanomaterials have attracted 
considerable interest in the field of biosensor research, especially in 
amperometric transducer. The applications of nanomaterials in biosensors are 
mainly for: (1) improving the micro-environment of the immobilized enzyme 
by hybridizing conductive nanoparticles such as gold,^ '̂ ^̂  platinum,^^ and 
carbon,̂ "̂  (2) creating a huge interfacial area and/or a shortened pathway for 
electron transfer between the enzyme and electrode,^^ and (3) fabricating the 
immobilized enzyme in nanobiosensors^^ which has high potential for 
microscale bioanalysis.^^ Nano-technique is also exploited to create 
nano-composite of enzyme immobilization in order to achieve extremely high 
enzyme loading, thus enhancing sensitivity.^^ Certainly, there is potential to 
integrate nanotechnology with biocatalytic element such as GOx in view of the 
recent development in nanotechnology.^^ Actually, two optical glucose 
nanobiosensors have been reported recently. One is developed by using a 
microemulsion polymerization process.^^ By ratiometric fluorescence intensity 
technique, the nanobiosensor attempts to in vivo image glucose in biological 
cells. Another optical glucose nanobiosensor is composed of GOx coated with 
magnetite nanoparticles in conjugation with a ruthenium phenanthroline 
fluorescent complex.^^ This nanobiosensor can determine glucose in solution at 
concentration up to 20 mM. 

In general, the major merits of glucose nanobiosensors are high sensitivity 
and fast response because the configuration of immobilized nano-size enzyme 
provides extremely high surface area to volume ratio so that the glucose mass 
transfer efficiency between the solution phase and the enzyme phase is 
enhanced. 
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8.4.5. Blend Composites of Immobilization Enzyme 

Blend composites prepared by hybridizing enzyme, conductive particles, 
and binding component for developing rigid, semi-rigid, flexible, or paste 
configuration of bulk mixed bioelectrodes have been reported. Most blend 
composite electrodes draw their advantages from the enhancement of 
signal-to-noise ratio by the edge effect of a microelectrode and high enzyme 
loading with co-immobilizing components.̂ "*' ^̂ "̂ ^ Since the most important 
characteristics such as structure format, interfacial property, hydrophilicity of 
micro-environment, solvent penetration and substrate diffusion are largely 
determined by the blend composite and the nature of each individual phase, the 
applications of this technique of enzyme immobilization are vast. For example, 
a glucose biosensor is reported to immobilize GOx within a blending matrix of 
regenerated silk fibroin and poly(vinyl alcohol) (PVA), and then coupled to a 
Clark O2 electrode.^^ The water uptake within the matrix can be controlled by 
regulating the proportion of the two polymers. The blend technique of enzyme 
immobilization has also high potential in optical biosensors. For example, an 
alcohol biosensor is fabricated by blending silica gel particles adsorbed with 
alcohol oxidase with silicon rubber to monitor ethanol.̂ "* 

In general, the major merit of the blend technique is the feasibility in bulk 
modification of the enzyme immobilization architecture. Optical biosensors 
incorporating the blend technique possess the advantages of high enzyme 
loading on extremely large surface area of micro particles, flexibility in 
designing the characteristics of the blend matrix, and fast response time (in 
seconds). The main shortcomings are that the structure of the blend composite 
cannot effectively restrict the enzyme from leaching and color matrix may 
seriously obstruct the optical measurement. A brief summary of various selected 
configurations of the immobilization GOx is displayed in Table 8.2. 

Table 8.2. Some types of immobilized glucose oxidase 

Format of 
immobilized glucose 
oxidase (GOx) 

GOx immobilized on 
surface of support 
materials 

Supporting material 

Porous glass beads 

Agarose particles (Sepharose) 
Carbon black powder 
Iron oxide (Fe304) magnetic 
nanoparticles 
Nylon 

Eggshell membrane 
Platinum electrode 

Reference 

54, 55, 76, 
95-97 
14 
11,98,99 
63 

20,74,100, 
101 
65,68,102 
75 
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GOx mixed within 
support materials 

GOx behind 
membrane 

GOx entrapped in 
thin film(s) 

GOx entrapped in 
bulky matrix 

GOx entrapped in 
particles of support 
matrix 

Polyethylenimine/chip surface 
Silicone rubber membrane 
Polypropylene or polyethylene 

Bovine serum albumin 
Graphite powder impregnated in 
sol-gel 
Graphite powder/epoxy, 
methacrylate, silicone, or polyester 
Carbon nanotube/Teflon 
Gold nanoparticle/silicate network 
Silk fibroin/poly(vinyl alcohol) 
Polyallylamine/polystyrene sulfonate 

Dialysis membrane 
Ultrafiltration membrane 
Sol-gel silicate film 
Sol-gel/sol-gel sandwich 
conformation 
Polyurethane/Silastic sandwich 
conformation 

Cellulose acetate film 
Polyacrylamide film 
Poly(vinyl chloride) 
Sol-gel silicate films 
Hybrid of sol-gel/poly(vinyl 
alcohol)-(4-vinylpyridine) 
poly(ester-sulfonic acid) 
Poly(p-chlorophenylamide) 
Poly(p-chlorophenylamide)/Nafion 
Prussian Blue film 

Sol-gel monolith 
Poly(vinyl alcohol) polymeric 
network 
Silicate gel 
Hybrid sol-gel 
Polyacrylamide 

52 
103 
104 

105, 106 
56 

90,92 

84 
82 
93, 107 
87 

19 
40 
47 
12 

108 

109 
110 
111, 112 
44,113 
114 

115 
116 
116 
117 

118, 119 
120 

45,66,121 
12,67 
89 

8.5. CONSTRUCTION OF GLUCOSE BIOSENSOR 

8.5.1. Bulky Bi-phase Bioreactor 

It is well known that the performance of enzyme biosensors depends 
significantly not only on the character of immobilized enzyme but also on the 
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structure and operation mode of biosensor.^^ '̂ ^̂ ^ Until now the majority of 
biosensors have been constructed as two bulky phase bioreactors: a solution 
phase and an enzyme immobilization phase so that the solution can pass 
through the sensor chamber fairly freely. Most enzymatic optical sensing 
devices including optical fiber have an immobilized membrane mounted on the 
window of a reactor or on the top of a transducer as this is a straightforward 
method.̂ '̂̂ '̂̂ '̂"^^ In general, the volume of the chamber is in the order of micro-
to nano-liters,^^'^^' ^̂ ^ and the response sensitivity depends very much on the 
volume taken by the solution phase in the biosensor. Smaller volume can much 
enhance both sensitivity and rate of the response signal. A key advantage of this 
biosensing format is that the immobilization membrane can flexibly adapt to 
most types of optical transducers for continuous flow measurement, or batch 
analysis.̂ ^"^ Obviously, in order to achieve high sensitivity, it is essential to 
arrange the immobilization membrane or film in conjunction with a high 
sensitive transducer e.g. fluorescence detector, or with a mass assay technique 
based on absorbance spectroscopy via the accumulation of H2O2 within a short 
reaction time. This is because on one hand it is difficult to immobilize a large 
amount of enzyme using thin film techniques; on the other hand only a portion 
of glucose molecules in a relatively large volume of the solvent phase is 
catalyzed by the immobilized GOx resulting in low sensitivity. 

An archetypal optical technique using optical fiber can compare well with 
Clark O2 electrode.^^ Wolfbeis' group has developed two enzyme-based glucose 
biosensors with two bulky phase structure by fixing a GOx immobilized 
membrane on the tip of optical fibers coupled with a flow-through cell.̂ '̂̂ "̂  The 
GOx is covalently immobilized onto the surface of an OOT membrane. Because 
the enzyme membranes show good porosity and possess relatively large surface 
area, and the biosensors have rather small chamber volumes of approximately 
20 jil, both biosensors exhibit adequate biocatalytic activities resulting in large 
output signals even in flow mode conditions. Their results prove that the 
biosensing systems can achieve fast dynamic balance of glucose and O2 from 
the solution phase to the enzyme membrane. 

Recently, Choi et al.̂ ^ reported a glucose biosensor based on OOT and an 
immobilized GOx membrane for determination of glucose in beverage. Glucose 
oxidase is directly covalently immobilized onto a piece of eggshell membrane 
that is in close vicinity to an OOT. Thus, the biosensor is constructed into two 
separate bulky phases and the biosensor structure is very similar to that in 
Figure 8.2. The glucose determination is realized by measuring the increase in 
fluorescence intensity which is directly correlated to the decrease in dissolved 
O2 which is consumed by the biocatalyst. Figure 8.3 displays typical response 
curves of such a glucose biosensor on exposure to various glucose solutions. 
These results, together with the observations from a similar GOx based 
biosensor,^^ suggest that the biosensor response is still governed by a dynamic 
process in the diffusion of glucose and O2, and the rate of enzymatic oxidation 
whereas the conversion of the overall reaction is fairly slow with a relative large 
solution phase. This response mechanism is further verified by the result of 
another glucose biosensor which has a similar GOx immobilized eggshell 
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Figure 8.3. Response curves of a glucose biosensor fabricated from a GOx immobilized eggshell 
membrane and an optical oxygen transducer under the stop-flow mode. Air-saturated 1.5 and 20.0 
mM glucose in aqueous phosphate buffer solutions were pumped into the biosensor. 

membrane directly coupled with a Clark O2 electrode. ̂ ^̂  When the 
concentration of the dissolved O2 in a stirred test solution is reinforced from 
open air, the biosensor can generate a steady-state response signal, indicating a 
steady gradient of the O2 concentration established over the eggshell membrane 
when the balance between the substrate diffusion and the enzymatic reaction is 
reached. 

For optical glucose biosensors using OOT, the attractive advantage of the 
bulky biphase structure is that, by enlarging the volume of the solvent phase, the 
analytical working range can be extended under both flow and stop-flow 
operation modes though it is habitually considered as a disadvantage. This is 
because a larger amount of dissolved O2 in the larger volume of the solution 
phase will only cause a smaller percentage conversion of O2; thus, the rate of 
increase in the biosensor response becomes slower. The fluorescence signal will 
then need longer time to reach its highest value when the rate of enzymatic 
oxidation is slower than that of the O2 diffusion. As such, the biosensor can 
respond to higher concentrations of glucose in samples. 

8.5.2. Particle Packed Bioreactor 

Multiple tiny biphase is very useful for biosensing configuration as it can be 
constructed as a flow-through cell or a column in which enzyme immobilized 
particles are closely packed. Thus, heterogeneous biphase biosensor is 
composed of numerous immobilized phases, the separated solution phases 
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and the optical transducer. The biosensor can carry out batch or flow analysis 
with a system to control the flow of the carrier to the biosensor or the reactor. 
The innate feature of this biosensing scheme is that the enzyme immobilization 
phases have huge interfacial areas and the solvent can randomly pass through 
the gaps between the tiny particles. Consequently, the mass transfer of substrate 
across the phase boundary and the diffusion between the enzyme and solution 
phases can be significantly enhanced. Armed with the advantages of high 
enzyme loading and short diffusion path of the small particles, the immobilized 
enzyme is highly accessible to substrate, and thereby shows rather high 
apparent biocatalytic activity. Moreover, the solution phase must fill up the 
space between the particles; thereafter high substrate conversion is achieved 
when the biosensor has a dense and high particle loading. In other words, the 
substrate molecules have more chances to undergo biocatalytic reaction; as a 
result, the biosensor shows high sensitivity and fast response, which is very 
similar to the characteristics of small size biosensor. ̂ ^̂  Bioreactors packed with 
particles, as a mature technique of biosensor construction, provide very high 
efficient enzymatic reaction.̂ '*'̂ '̂̂ ^ This technique has been frequently employed 
to construct calorimetric micro-biosensor over many years. ̂ ^̂  For example, two 
glucose biosensors have employed GOx and catalase co-immobilized solid 
particles and packed them in micro-columns as bioreactors.^^^' ^̂ ^ Both 
biosensors can determine glucose in whole blood by using a flow injection 
manifold. The biosensors display high sensitivity to glucose in terms of thermal 
output. In general, the distinctive features of the column bioreactor are: (1) the 
solid particle has very high surface area to volume ratio so that more enzymes 
can be immobilized; as such, the internal mass transfer resistance of the 
immobilized enzyme is reduced and larger amount of immobilized GOx is 
available to glucose; (2) the amount of sample solution in the column is small 
since spaces between the gaps of the solid particles is small; thus the external 
mass transfer resistance is also much reduced; and (3) the heat capacity of the 
solid particles such as glass beads is much lower than that of aqueous buffer; as 
a result, the change in temperature of the column is larger and the biosensor is 
more sensitive. 

The heterogeneous biphase bioreactor also provides more flexibility in the 
design of optical biosensor. For example, the immobilized GOx column can be 
employed as an efficient bioreactor to convert glucose into H2O2 which is 
subsequently subjected to CL detection. '̂̂ ' ^̂ ^ An optical glucose biosensor is 
fabricated by loading the immobilized GOx particles on the upside of a flow 
cell and the immobilized HRP particles with H2O2 sensitive resin on the 
down-side.^^ The biosensor can determine H2O2 and glucose in serum. Recently, 
Wu et al.̂ '̂ ̂ ^ reported two glucose biosensors based on OOT and sol-gel based 
immobilized GOx for determination of glucose in beverage and urine samples. 
Both glucose biosensors are constructed by densely packing the particles of the 
immobilized GOx into a flow-through cell equipped with an OOT similar to 
Figure 8.2. Since GOx in the sol-gel pores or cages is easily accessed by 
glucose, the biosensors show high apparent biocatalytic activity toward glucose. 
Again, as the solution phase is largely minimized and there is no risk of 
overloading the biosensor, a relative high mass conversion of the substrate for a 
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high concentration solution can be realized at ambient temperatures. 
Consequently, these two glucose biosensors can continuously detect glucose in 
flow mode and their steady-state fluorescence intensities in response to glucose 
are obtained within several minutes. The high response sensitivity of the 
glucose biosensors is also attributed by two aspects. (1) A relative large 
flow-through cell can entrap larger amount of immobilized GOx while 
significantly reduces the sample loading; thus enhances the percentage of 
conversion of substrate to product. ̂ ^̂  (2) Slower flow rate of the sample 
solution can increase the consumption of O2; consequently lowers the O2 
concentration in the system with a concomitant effect of enhancing the response 
signal. In addition, since the enzymatic activity is usually more stable at lower 
concentrations of the substrate, smaller sample solution with high concentration 
and high enzyme loading are helpful ways to ensure long-term stable operation 
lifetime. 

8.6. PERFORMANCE OF OPTICAL GLUCOSE BIOSENSOR 

8.6.1. In Batch Operation 

For measurement of glucose, enzyme glucose biosensor can either operate in 
batch condition where the bioassay is taken in a cuvette/bioreactor, or in 
continuous condition where the bioassay is done in a flow-through 
cell/bioreactor under flow mode. In general, the speed of bioconversion of the 
biocatalytic processes within the immobilized enzyme depends on the operation 
mode markedly, while good stability is crucial for the development of reliable 
glucose biosensors capable of quantitative analysis under flow mode. 

In most cases, the conversion of glucose in test solution is almost complete 
and the detection is not affected by the ways of delivery of solution. Taking this 
advantage, as well as partially avoiding instability, numerous commercial 
glucose test kits are based on batch mode operation in order to achieve high 
precise results. These full-grown approaches are very simple and reliable 
because glucose is almost completely reacted to generate a sensitive and stable 
steady-response signal. Moreover, it only requires relatively inexpensive 
instrumentation such as colorimeter/photometer or fluorometer, and is easier 
and cheaper to design for clinical and sports purposes. For example, the 
colorimetric assay of the biocatalytic activity of immobilized GOx is by 
measuring the absorbance of oxidized 6>-dianisidine at 460 nm in the presence 
of HRP.^ The absorbance measurement is preferably carried out under batch 
mode to achieve not only high sensitivity, but also precise results. Another 
example of glucose assay done on fluorescence detection where GOx and HRP 
are co-immobilized on a cylindrical magnetic stirrer.̂ ^^ The biocatalytic 
processes are quite quick under the stirring mode, thereby the biosensor shows 
very fast response to glucose in plasma. However, two main shortcomings come 
with the batch operation mode. First, the measurement based on H2O2 may take 
a long time for precise determination since the biosensing system has to almost 
completely convert O2 to H2O2. Second, the measurement of light based on the 
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generation of H2O2 is not suitable to assay color samples such as whole blood, 
red wine, and chocolate. 

8.6.2. In Stop-Flow Mode 

When the immobilized GOx is placed in a flow-through cell or bioreactor, 
the resulting biosensor can perform in stop-flow mode with accessories such as 
pump, valve, and injection device. The major difference between stop-flow and 
batch modes is that the bioassay in stop-mode can be sequentially carried out to 
detect glucose on line. In most cases, the solvent or sample solution functions as 
a carrier which is delivered through the flow-through cell by a syringe or 
peristaltic pump. The sample solution is then kept in the flow-through cell for a 
succinct period of time while the response signal is recorded against time within 
this duration. In this way, the overall biosensing reactions and the transport of 
reactant are accomplished. Thus, the reaction of glucose is much enhanced by 
the stop-flow mode as compared to flow mode. In principle, the glucose assay is 
based on measurement of the magnitude of signal either at a fixed time interval 
even before the complete reaction of the substrate or at the thermodynamic 
equilibrium of the biocatalytic reaction. Of course, the best sensitivity is 
obtained at the saturated response signal. With this advantage, glucose 
biosensor can employ low apparent enzyme activity of immobilized enzyme but 
still can achieve rather high sensitivity by taking longer incubation time under 
the stop-flow mode. For instance, Figure 8.3 displays typical response curves 
recorded by an optical glucose biosensor in the stop-flow mode.^^ Coupled with 
an OOT, the response rate is mainly governed by the flux and diffiision of 
glucose and O2 into the enzyme immobilized membrane, and the rate of the 
enzymatic reaction. Therefore, when an aqueous buffer is pumped through the 
biosensor, a blank signal of fluorescence intensity is recorded as a baseline. 
When a glucose sample solution is delivered through the biosensor and then 
stopped, the fluorescence intensity is continuously increased with time. Finally, 
the fluorescence intensity saturated at a steady-state value when the kinetic 
equilibrium of the biocatalytic reaction is reached. The rate of the fluorescence 
intensity reaching the saturation point from the baseline can reflect the overall 
rate of O2 diffusion from the solvent, into the immobilization phase, and then 
onto OOT. The difference between the saturation point and baseline is 
approximately the operation window. The other advantages of stop-flow mode 
operation are that only a relatively small sample solution is required and there is 
no need to precisely control the flow rate of the solution. However, the obvious 
drawback is that full continuously monitoring on line is not possible. 

8.6.3. In Flow Mode 

In order to continuously monitor glucose on line and in time, glucose 
biosensors are fabricated to operate under flow mode with flow rates of sample 
solution from micro- to nano-liters per min.̂ '̂̂ '̂ ̂ ^̂  The flow sample solution is 
monitored until a steady-state signal is reached in a brief period of time as a 
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result of a dynamic balance in substrate diffusion into the biosensor, substrate 
consumption and product generation, and flow rate of the solution. Numerous 
optical glucose biosensors can perform in flow mode. For example, Figure 8.4 
is a typical example of the performance of an optical glucose biosensor based 
on OOT in response to glucose solution in flow mode.^^ When the buffer 
solution flows through the biosensor, the initial part of the curve is recorded as a 
baseline. As a stream of glucose solution continuously flows through the 
biosensor, an increase in the response is generated due to the forward process of 
the enzyme biocatalytic reaction, and subsequently the response reaches a 
steady value when the dynamic equilibrium is attained. Once the flow solution 
is switched to a buffer, the response signal starts to decline and retums to the 
baseline as glucose is fully washed out from the biosensor by the buffer. In 
general, the higher the concentration of the substrate, the higher rate of increase 
and the larger signal is observed. If the biocatalytic reaction takes place in a 
significantly slow pace, the magnitude of the steady-state signal will be related 
to the flow rate of the solution. As such, a larger signal response can be 
achieved only under lower flow rate of the sample solution since the 
biocatalytic reaction is closer to the thermodynamic equilibrium. Hence, in 
order to attain high sensitivity and short response time, it is vital to assemble a 
biosensor by maximizing its enzyme loading but minimizing the flow cell 
volume."^-"" 

The other advantages of the flow mode are that the response signal may be 
continuously and stably recorded in real-time and the working range can be 
extended under high flow rate of the solution. Unfortunately, the major 
problems are that a relatively larger sample solution is required and the 
biosensor shows lower sensitivity compared with that in the stop-flow mode. 
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Figure 8.4. Response curves of a glucose biosensor composed of sol-gel entrapped GOx particles 
and optical oxygen transducer in flow mode. An air-saturated 3.0 mM glucose aqueous phosphate 
buffer solution continuously flew through the biosensor. 
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8.6.4. Flow Injection Analysis 

Flow injection analysis (FIA) offers a simple automation system, the 
possibility of real-time monitoring, on-line sampling, and sample pre-treatment. 
A number of commercial devices such as pump, sample injection valve, 
one-choice-multi-channel valve, flow cell, and tubes are available, which enable 
users to setup precise FIA system with flexibly. Accordingly, the immobilized 
enzyme is mostly located within a flow-through cell; the solvent carrier is 
continuously pumped through the flow-through cell; and the glucose solution is 
intermittently loaded into the analysis system by an injection valve; thereby 
avoiding the procedures of manual changing of solvents and samples. Flow 
injection analyses are easier to couple with the CL or ECL techniques in order 
to precisely control their luminescence on spot and in time."̂ '̂ ^̂ '̂ ̂ ^'^ For FIA 
measurement, the peak signal mainly depends on the substrate concentration, 
the mass transfer efficiency, the rate of the enzymatic reaction, and the duration 
of stay of sample in the flow cell. Hence, in order to enhance sensitivity, 
wherever possible, the FIA biosensing system should utilize a small flow cell 
packed with large amount of high apparent active enzymes since the substrate 
can only contact the immobilized enzyme in a very brief period of time. In 
general, the flow rate has significant effect on both sample throughput and 
detection limit. When the flow rate is slower, although the substrate conversion 
is better complete, the peak signal will become wider but not necessarily higher 
due to the longitudinal diffusion of the substrate in the FIA tube system. At the 
same time the sample throughput declines. Therefore, the flow rate of a FIA 
system has to be optimized for reasonable sample throughput, sensitivity and 
detection limit. Nevertheless, the FIA technique has its unique advantages of 
automatic analysis at high speed for a vast number of samples and is 
reproducible. Over the past years, both research and application of glucose 
biosensors have been devoted to merge the FIA technique with various types of 
immobilized GOx and optical transduction techniques including absorbance, 
fluorescence, fluorescence O2 quenching, CL and ECL. In fact, optical glucose 
biosensors have been applied to various fields with the merit of FIA technique. 

8.6.5. Mixture of Organic Solvent and Aqueous Micelle Carriers 

Several immobilized GOx systems can function well in organic solvents 
containing water such as acetonitrile, acetone, tetrahydrofuran, 2-butanol, and 
2-propanol.̂ ^^"^^^ So far, there is no report on optical organic phase glucose 
biosensor based on immobilized GOx. Very recently the application of optical 
sol-gel glucose biosensor operating in aqueous buffer,̂ ^ a mixture solvent of 
2-propanol and micelle buffer has been explored.^^^ Figure 8.5 displays the 
response curves of a glucose biosensor on exposure to successive step changes 
of various concentrations of glucose in a mixture solvent of 2-propanol, Triton 
X-100 and phosphate buffer. Relatively short response times and rapid return to 
baseline are observed. This indicates the facile transport of the substrate and the 
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Figure 8.5. Response curves of a glucose biosensor constructed from sol-gel entrapped GOx 
particles and optical oxygen transducer in response to various concentrations of glucose in mixture 
solvents of 2-propanol/Triton X-100/phosphate buffer in flow mode: (1) 0.0, (2) 3.0, and (3) 10.0 
mM glucose. 

removal of the reaction product in the biosensing system. This result also 
strongly suggests that glucose in the mixture solvent can readily access the 
enzyme entrapped in the sol-gel pores/cages whilst the sol-gel matrix provides 
GOx with sufficient conformational flexibility for catalysis. The sensitivity is 
lower than that in aqueous buffer medium probably because the immobilized 
enzyme, as well as the biocatalytic reaction is significantly affected by the 
mixture solvent. However, this preliminary investigation can offer potential to 
develop organic phase optical glucose biosensor. A prospective advantage of 
using mixture solvent is that it may offer multi-analyses of glucose and 
cholesterol in whole blood or other biological fluids with only one single 
sample pretreatment. 

8.7. IMPLICATION OF THE DISSOLVED OXYGEN 
CONCENTRATION 

The dissolved oxygen concentration in the test solution plays a significant 
role in adjusting the sensitivity of the glucose biosensors in order to widen their 
applications. For example, for quick and entire generation of H2O2, glucose 
biosensors based on absorbance, CL, ECL, or pH measurements prefer a higher 
concentration of dissolved O2 in the glucose solution. As such, the biosensor 
can achieve not only high sensitivity, but also precise result if the conversion of 
glucose nearly completes. On the other hand, the presence of O2 in glucose 
solution is sometimes rather troublesome in optical glucose bioassay. For 
example, when glucose is measured by the decrease in absorption of the FAD of 
immobilized GOx, the dissolved O2 can significantly affect the detection limit.^^ 
The removal of dissolved O2 by purging nitrogen can improve the detection 
limit from 2.0 to 0.5 mM. Therefore, a key issue for dissolved O2 is to 
effectively control its supplement and concentration within the glucose 
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biosensing system. In view of that, the sensitivity of the biosensor based on 
OOT can, for instance, be tuned to different levels by simply adjusting the 
dissolved O2 content in the standards and samples.^^' ̂ ^ The lower the dissolved 
O2 in the test solutions, the higher the sensitivity will be. The reason is that 
although low dissolved O2 concentrations are not favorable for enzymatic 
reactions; the percentage change in O2 consumption can be increased thereafter 
enhancing the sensitivity. A sol-gel based glucose biosensor is demonstrated to 
have a rather broad dynamic working range from 0.009 to 100 mM glucose 
when the level of dissolved O2 in the sample solution is controlled by 
equilibrating with O2 gases from 0.1 to 100 % v/v. '̂' The biosensor achieves the 
highest sensitivity when the test solutions are saturated with a stream of 0.1 % 
v/v O2 gas as depicted in Figure 8.6. 

8.8. ENHANCEMENT OF ENZYME STABILITY 

Although glucose biosensors have been officially accepted as analytical 
instruments in the clinical domain for several decades and the native stability of 
GOx is quite suitable for biosensor application, the operation and shelf lifetime 
of the immobilized GOx still requires further improvement in order to maintain 
its biocatalytic activity in any environment over a longer period. In reality, the 
stability and the lifetime of the immobilized GOx determine mainly the success 
of a glucose biosensor system in real application. The stability of an enzyme 
primarily relates to its active protein conformation. In general, the change in the 
active conformation of an enzyme can be induced by thermal 

200 400 600 

Glucose concentration (JIM) 

800 

Figure 8.6. Calibration curve of a glucose biosensor assembled from hybrid sol-gel GOx particles 
and optical oxygen transducer at various concentrations of glucose in phosphate buffer saturated 
with 0.1 % v/v oxygen gas in flow mode (from reference 67). 
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denaturation, proteolytic degradation, and non-specific metal-catalyzed 
oxidation. For many years, efforts to make enzyme more stable have been 
realized by using novel immobilization techniques such that the chemical and 
physical micro-environment surrounding the enzyme is maintained;̂ ^̂ "̂ "̂ ^ as a 
result, reproducible and accurate analytical systems are available on the market. 

Carbon materials are very useful for stabilizing GOx in the enzyme 
immobilization process. For example, the immobilization of GOx within 
carbon-paste matrices can enhance the thermal stability of the immobilized 
GOx because the hydrophobic-binding environment of an enzyme contributes 
to its conformational rigidity.̂ "̂ ^ When diethylaminoethyl-dextran GOx is 
massively adsorbed on porous active carbon, the resulting glucose biosensor 
can exhibit excellent operation stability.^^' "̂̂^ 

The entrapment of an enzyme is a very valuable non-covalent technique for 
enzyme immobilization to stabilize the protein structure against denaturing. For 
instance, sol-gel matrix can provide effective protective cages that precisely fit 
the structure of GOx; thereby the thermal stability of the entrapped GOx can 
gain 200 folds compared with free GOx.'*^ Hence, the operation lifetime of the 
biosensor can be much increased when such sol-gel entrapped GOx is used as 
the biocatalytic element. The approach of entrapping GOx within synthetic 
polymer is also an effective means for improving enzyme stability. For example, 
a film of entrapped GOx on an electrode can be electrochemically induced from 
a polymer and GOx suspension. ̂ "̂"̂  The resulting amperometric biosensor shows 
extraordinary operation stability and demonstrates 5000 measurements of 2.5 
mM glucose solution with sequential injection analyzer. In addition, Nafion 
polymer can improve the stability of entrapped GOx with the formation of a 
polyelectrolyte membrane. ̂ "̂^ It is found that a /?-chlorophenylamine GOx 
membrane with Nafion is more stable than that of a neat /7-chlorophenylamine 
GOx membrane. ̂ ^̂  Furthermore, when GOx is entrapped within PVA, the 
immobilized GOx is more stabilized to some extent. ̂ '̂ ^ Recently, an optical 
glucose biosensor using a novel entrapment technique of hybrid sol-gel matrix 
has been reported.^^ This work demonstrates that the enzyme activity and the 
accessibility of the immobilized enzyme are reasonably preserved in storage for 
as long as three years. The long shelf lifetime is mainly attributed by the 
attenuation in the shrinkage process of the silicate gel system as a result of 
hybridization of the silicate gel and hydroxyethyl carboxymethyl cellulose 
polymer. 

Finally, GOx can also be stabilized in a favorable polymeric or 
polyelectrolyte micro-environment.̂ "^^ The formation of enzyme-polyelectrolyte 
complex can stabilize the enzyme due likely to an electrostatic cage that helps 
sustain the functional conformation of the enzyme over time.̂ "̂ ^ In other cases, 
when the surface hydrophobicity of glass beads is created by a silanization 
process, the thermal stability of immobilized GOx is largely enhanced at 75 
°C.̂ '*'' The stability of immobilized GOx can also be enhanced by thiols 
reagent̂ "̂ ^ or sucrosê "̂ ^ which chemically modify the enzyme. Moreover, the 
technique of immobilizing GOx with polystyrene latex beads can be applied to 
improve operation stability.̂ ^^ 
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8.9. ANALYTICAL FEATURE AND APPLICATION 

The analytical applications of glucose biosensors have been increasing 
mainly in health care, food industry, and biological investigation. However, 
their analytical applications are vitally dictated by their analytical features that 
are commonly described in terms of specificity or selectivity, sensitivity 
including dynamic working range and detection limit, shelf lifetime, operation 
lifetime, response time, repeatability and reproducibility, etc. 

Typical characteristics and applications of some selected optical glucose 
biosensors in literature are summarized in Table 8.3. 

Table 8.3. Various optical glucose biosensors and their analytical 
characteristics 

Detection technique 

Absorbance 
(GOx-meso-tetra 
(4-carboxyphenyl)-
porphine) 

Absorbance 
(FAD) 

Absorbance 
(H2O2) 

Absorbance 
(H2O2) 

Absorbance 
(H2O2) 

Fluorescence 
(GOx) 

Fluorescence 
(FAD) 

Fluorescence 
(GOx-7-
hydroxyl-
coumarin-4-acetic 
acid) 

Immobilization format 

On microscope slide 

In sol-gel 

In sandwich of sol-gel 

On Amberlite IRA-743 
resin 

On film developed with 
Prussian blue film and 
4-(Pyrrol-1 -y l)-benzoic 
acid 

On tip of fiber covered 
by a semipermeable 
membrane 

In sol-gel membrane 

In solution 

Operation 
mode 

Batch 

Batch 

Batch 

Flow 
injection 

Flow 
injection 

Flow 

Batch 

Batch 

Analytical 
range 

1.1 -11.1 
mM 

1 -100 
mM 

5 - 3 5 
mM 

10-
100 nM 

0.05 - 2 
mM 

1.5-2 
mM 

Up to 10 
mM 

0 .5 -6 
mM 

Response 
time 
or speed 

6 s 

~2 min 

4 - 1 2 
min 

~2min 

~3 min 

2 - 3 0 
min 

1 - 3 min 

~3 min 

Sample 

No real 
sample 

No real 
sample 

No real 
sample 

Blood 

Serum, 
urine, 
drinks, 
powder 
milk, etc. 

No real 
sample 

No real 
sample 

Fruit 
juices 

Ref 

46 

47 

44 

13 

117 

20 

118 

60 
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Fluorescence 
(H2O2) 

Fluorescence 
(pH) 

CL 
(Glucose oxidase/ 
H2O2/ 
luminol) 

CL 
(Glucose dehydro­
genase/ 
H2O2/ 
luminol) 

CL 
(Pyranose oxidase/ 
/H2O2/ 
luminol) 

ECL 
(Glucose 
oxidase/H202/luminol) 

Fluorescence 
(GOT) 

On polyacryl-
onitrile-co 
-polyacrylamide 

Mixed with 1-hydroxy-
pyrene-3,6,8-tri-
sulfonate 
On porous silicon of 
microchips modified 
with polyethylene-imine 

Immobilized on nylon 
tube 

On 
aminopropyl-(controlled 
porous glass beads) 
On Sepharose beads 

In sol-gel matrix 

On polyamide 
membrane 

On controlled porous 
glass beads 
On controlled porous 
glass beads 
On Teflon membrane or 
between poly­
carbonate and cellulose 
acetate membranes 

On hydrophilic vinyl 
polymer beads 

On controlled-
pore glass beads 

In sol-gel/ 
graphite powder 
electrode 
In sol-gel deposited on 
glassy carbon electrode 
On polyamide 
membrane 
On imidodi-
acetic acid chelating 
beads 
On controlled porous 
glass 

On carbon black 

On carbon black 

Flow 

Flow 

Micro-
fluidic 
flow 
injection 
Sequential 
injection 

Flow 
injection 

Flow 
injection 
Flow 
injection 
Flow 
injection 

Flow 
injection 
Flow 
injection 
Batch 

Flow 
injection 

Flow 
injection 

Flow 
injection 

Flow 
injection 
Flow 
injection 
Batch 

Flow 
injection 

Flow 

Flow 

0 .1-5 
mM 

0.1 - 2 
mM 

10 n M -
1 mM 

30 - 600 
HM 

U p t o ~ l 
mM 

0.01-100 
|iM 
0.05-12 
mM 
detection 
limit 2.5 
nM 
0.01-50 
mM 
0.2 ^M -
I m M 
2 to 18 
mM 

0.1 -30 
^M 

0.2 to 500 
^M 

0.01-10 
mM 

0.050-10 
mM 
150 p M -
1 mM 
20 îM - 2 
mM 

Up to 30 
mM 

0.06 - 1 
mM 
0.01-200 
mM 

-lOmin 

8 -12 
min 

12 
sample/h 

54 
sample/h 

20 
sample/h 

25 
sample/h 
15 
sample/h 
25 
sample/h 

20 
sample/h 
30 
sample/h 
60 
sample/h 

30 
sample/h 

60 
sample/h 

20 s 

30 
sample/h 
5 
sample/h 
3 min 

~3 min 

2 - 6 min 

8 s - l 
min 

No real 
sample 

No real 
sample 

Yeast 
cells 

Fermen­
tation 
broth 
Beverage 

Blood 

Rabbit 
blood 
Soft drink 

Cell 
culture 
No real 
sample 
Blood 

Human 
serum 

Serum 

No real 
sample 

Soft 
drink 
Serum 

Human 
serum 

Cell 
culture 
matrix 
No real 
sample 
No real 
sample 

16 

17 

53 

101 

129 

14 

150 

151 

152 

153 

154 

49 

155 

56 

134 

58 

15 

95 

11 

156 

(continued) 
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Table 8.3. (cont.) 

Detection technique Immobilization format 

Response 
Operation Analytical time 
mode range or speed Sample Ref. 

On carbon black 

On nylon membrane 

On eggshell membrane 

In sandwich of hybrid 
sol-gel 
In polyacryl-
amide 
In sol-gel particles 

In hybrid sol-gel 
particles 
In nano-
spherical polyacryl-
amide micro-
emulsion system 
On (Fe304) nano-
particles 

Flow 
injection 

Flow 

Stop-flow 

Flow 

Batch 

Flow 

Flow 

Batch 

Batch 

0.1-500 
mM 

0.1-20 
mM 
0 .3 -4 
mM 
0.1-15 
mM 
0.7 - 10 
mM 
0.06 - 30 
mM 
0.009 -
100 mM 
-0.3 - 8 
mM 

1-20 mM 

~1 min 

1 - 6 min 

5 min 

50 s 

2 s 

5 - 8 min 

6 - 9 min 

3.5 min 

~2 min 

Fruit 
juice, 
wine 
No real 
sample 
Beverage 

No real 
sample 
No real 
sample 
Beverage 

Urine 

No real 
sample 

No real 
sample 

99 

74 

65 

12 

157 

66 

67 

89 

63 

The specificity is largely determined by the specificity of the transducer, 
rather than GOx. In general, fluorescence assays offer enough specificity for 
glucose measurement. The sensitivity and response time are mainly restricted 
by the apparent enzyme activity of the immobilized GOx and the size of the 
biosensing system, but lesser by the transducer. Operation and shelf lifetimes 
are a major problem that originates from denaturation of enzyme during operation 
or on storage. In real determination of glucose, reproducibility is a very 
important issue; unfortunately, it is significantly influenced by many factors 
including operation conditions such as pH medium, composition of the solution, 
temperature, and interferant or inhibitor to the enzyme. Therefore, a standard 
technique should be developed to evaluate the analytical properties of glucose 
enzyme biosensor over a reasonably long period of time. In our view it is not 
fair to only compare the analytical characteristics of the biosensors with each 
other. 

8.10. CONCLUSION 

This review has briefly summarized the development of optical 
enzyme-based glucose biosensors in regard to some fundamental aspects such 
as enzyme immobilization and stabilization, biosensor structure, biosensing 
scheme and operation mode, etc. The marriage of immobilized GOx with 
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optical transducing techniques has also been gently discussed. The prime 
considerations are how the achievements of these studies in literature can 
stimulate the development of a more sensitive and useful glucose biosensing 
system, but not to deal with all the issues that glucose biosensor design faces at 
this time. Yet, we would like to make a final remark that although the 
development of glucose biosensor has been steadily progressing, the reported 
characteristics of these biosensors differ greatly even though they are based on 
the same type of GOx using similar immobilization techniques and same type of 
transducers. Biosensor personnel should bear in mind that the sensitivity of 
glucose biosensors can also be considerably influenced by their structure and 
operation mode. 

To date the determination of glucose in blood, urine, and other biological 
fluids is very important for assessment, diagnosis or treatment of diseases, and 
in food samples for processing and quality control. Each assay depends indeed 
much on technical skill rather than extensive knowledge. Therefore, it seems 
that we have reached the point where identified works should be progressed in 
the direction of producing user-friendly glucose devices that can be 
mass-produced, robust and cheaper. In reality many criteria are required to take 
into account when developing a successful glucose sensor, but end-user 
feedback and input can play a vital role in the design during the development 
and even launch of a glucose sensor. As chemists come to expect glucose 
sensors suitable for schools, research institutes and quality control laboratories 
alike, the future will continue to hold challenges for the scientists who develop 
them. In our belief, we have to make sensor at a price that most people can 
afford it; otherwise, glucose sensors will not bring much benefit to our society 
but only to commercial firm. 
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SACCHARIDE RECOGNITION BY BORONIC 
ACID FLUOROPHORE/CYCLODEXTRIN 

COMPLEXES IN WATER 

Akiyo Yamauchi, Iwao Suzuki , and Takashi Hayashita* 

9.1. ADVANCES IN SYNTHETIC RECEPTORS FOR SACCHARIDES 

Saccharides are important biological molecules because they are essential 
in such processes as nutrition and metabolism, and cell structure maintenance.* 
Saccharides are also physiologically active and are involved in controlling an 
individual's birth, differentiation and immunity. Because of these important 
properties, methods for in situ saccharide sensing in aqueous solution are very 
much required.* In particular, continuous noninvasive monitoring of blood 
glucose is essential to the management of diabetes. Although biosensors using 
biological receptors (proteins) have been widely studied as tools for detecting 
saccharides in biological fluids, their poor stability limits their wide application 
in actual monitoring. Moreover, expected signals for biosensors are generally 
associated with changes in electrical current/potential, mass, and refractive 
index. These signals are not compatible with the imaging of intracellular 
events. To overcome the drawbacks of existing biosensors, an alternative 
method to detect saccharides must be developed without using biological 
receptors. For this purpose, two major strategies have been considered.*' ^ 
One is based on the use of multiple hydrogen bonding interactions mimicking 
the carbohydrate recognition by biological receptors.*^ However, these 
synthetic receptors work only in organic solvents, since water interferes with 
the hydrogen-bonding interaction. Recently, Davis and coworkers have 
synthesized a water-soluble tricyclic poly amide receptor 1, which binds with 
saccharides in water, but whose affinity is low.'' 

Another approach is the use of boronic acid that reversibly forms cyclic 
esters with various saccharides in water. For example, Czarnik and coworkers 
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reported that anthrylboronic acid 2 senses saccharides in neutral aqueous 
solution via a fluorescence quenching process. The fluorescence quenching is 
based on electron transfer from the boronate ester anion to the anthryl moiety 
(Fig. 9.1).̂ '̂  Similarly, indolylboronic acid 3 synthesized by Aoyama and 
coworkers recognizes fructose and oligosaccharides at pH 9 with chain length 
selectivity due to the CH-TT interaction in addition to boronate ester formation.^^ 

Shinkai et al. proposed a notable design of a fluorescent probe for precise 
and selective saccharide recognition.^^^^ They connected a fluorescent tertiary 
amine to the boronic acid unit as shown in Fig. 9.2.̂ ^ The fluorescence of 4 is 
quenched by intramolecular photoinduced electron transfer (PET). Binding 
with saccharide causes fluorescence recovery due to the strengthening of the 
boron-nitrogen Lewis acid-base interaction or by the recently proposed 
hydrolysis mechanism^^ which suppresses electron transfer quenching. This 
fluorescent probe can sense saccharides in neutral aqueous methanol solution 
with an increase in fluorescence intensity. 

It is known that monoboronic acids display higher selectivity for fructose 
over other monosaccharides.^^ Shinkai and coworkers synthesized a 
glucose-selective sensor 5̂ ^ by introducing a second boronic acid group. 
Since then, various diboronic acid sensors have been developed.̂ '̂̂ "^ 

There are a number of non-PET sensors for saccharides. James and 
coworkers synthesized a fluorescent resonance energy transfer (FRET) 
saccharide sensor 6 with phenanthrene as the donor and pyrene as the 
acceptor.^ '̂̂ ^ 

high fluorescence low fluorescence 

B(0H)2 OH OH 

^ n B-'O 
e^H 

(2) 2 • saccharide complex 

Figure 9.1. Fluorescence quenching mechanism by anionic ester formation of 2 with saccharides. 
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low fluorescence high fluorescence 

^ N e- OH OH 

^ -
N H ^ 

(4) 4 • saccharide complex 

Figure 9.2. Fluorescence emission mechanism by ester formation of 4 with saccharides. 

The 6-methoxyquinolinium-based fluorophore 7 reported by Geddes and 
coworkers is more fluorescent in acidic media because of the quaternary 
nitrogen. In the presence of saccharides, the electronic density at the boron 
atom is increased and this facilitates the partial neutralization of the positive 
charge on the nitrogen so that the fluorescence intensity decreases.^^ 

DiCesare et al. utilized intramolecular charge transfer (ICT) which is very 
sensitive to small perturbations that can result in spectral shift and intensity 
changes.̂ ^"^^ They synthesized a substituted stilbene 8 which showed a large 
redshifted fluorescence due to ICT from the dimethylamino group to the 
boronic acid group.^^ Binding with fructose inhibited the ICT, resulting in the 
blue shift and increased fluorescence. Diphenyloxazole substituted with a 
dimethylamino and a boronic acid group, 9^ ,̂ also responds to fructose based on 
the ICT mechanism. They also synthesized 10 and 11 whose boronic acid 
groups are not directly involved in the charge transfer.^^ In these receptors, a 
carbonyl group was introduced as an electron-withdrawing group. Binding 
with saccharide produced a spectral change, since the anionic form of the 
boronic acid group became an electron donor, which competes with 
dimethylamino groups for the ICT. Arimori et al. reported 12 that showed 
both a change in the intensity and wavelength of the emission maxima upon 
addition of saccharides due to a change in the environment of the anilinic 
nitrogen.^^ Wang and coworkers developed a waster-soluble sensor 13 
following the ICT mechanism.^^ 
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Figure 9.3. Competitive binding of a boronic acid with 17 (ARS) and a cw-diol. 
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Water solubility is one of the requirements of saccharide sensors. Eggert 
et al synthesized a novel glucose selective receptor 14, which is highly water 
soluble due to the presence of cationic pyridinium moieties.^^ Its fluorescence 
intensity increases in the presence of glucose, probably because of increased 
rigidity. Heagy and coworkers developed the naphthalic anhydride sensor 15̂ "̂ ' 
^̂ , which is soluble in aqueous solution. It displayed the most visible 
fluorescence intensity change with glucose, in which its dissociation constant 
for glucose was higher than that for fructose. 

Drueckhammer and coworkers developed the glucose-selective receptor 16 
based on computer-guided design.^^ The polycyclic scaffold that permits 
proper orientation of two phenylboronic acid groups for binding with 1,2 and 
4,6 positions of glucopyranose was chosen. The fluorescence intensity of 16 
decreased with the addition of monosaccharide, and the selectivity for glucose 
over fructose was 43-fold. This indicated that the rigidity of the linker 
between two boronic acid groups is important for determining saccharide 
selectivity. 

Although synthetic receptors possessing both a saccharide-binding motif 
and a signal transducer have been introduced, there are unique sensing systems 
that function with the cooperation of more than two molecules. Springsteen 
and Wang indirectly detected the binding of phenylboronic acid and fructose by 
monitoring the fluorescence change of Alizarin Red S. (ARS, 17) in aqueous 
phosphate buffer as illustrated in Fig. 9.3.^^ Binding of a boronic acid to the 
catechol moiety of ARS causes a fluorescence increase. Singaram and 
coworkers prepared a novel boronic acid-substituted 4,7-phenanthrolinium 
viologen 18, which quenched the fluorescence of 
8-hydroxypyrene-l,3,6-trisulfonic acid trisodium salt (pyranine, 19).̂ ^ When 
monosaccharide binds with the viologen, the complex of viologen and pyranine 
dissociates, resulting in strong fluorescence (Fig. 9.4). 

fluorescent 

Figure 9.4. Equilibria between pyranine (19), viologen 18 and monosaccharides. 
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Figure 9.5. Excimer emission based on 1:2 complex formation between glucose and fluorescent 
boronic acid 20. 

There is another interesting example of a supramolecular sensing system 
for glucose.^^ The pyrene-appended boronic acid 20 forms 2:1 complex with 
glucose in the presence of poly cation 21, and displays excimer emission in 
aqueous solution. It is considered that 20 is enriched along the polycation 
chain via electrostatic interaction, which facilitates the 2:1 complex formation 
between 20 and glucose (Fig. 9.5). 

For alkali-metal ion sensing, we have shown a similar pyrene dimer 
formation using crown ether fluoroionophore/y-cyclodextrin (y-CyD) 
complexes in water."̂ "̂̂ ^ Cyclodextrins (CyDs) are water-soluble host 
compounds having nanosize hydrophobic cavities that enable them to 
incorporate various organic molecules in water. In addition, optically inert 
CyDs can be efficiently combined with various types of chromo- and 
fluoroionophores. We have recently developed a novel sensing system for 
saccharide recognition by constructing boronic acid fluorophore/p-CyD 
complexes in water.'*̂ ''*'* The detailed functions of the supramolecular CyD 
sensors are described in the next section. 

9.2. SACCHARIDE RECOGNITION BY BORONIC ACID FLUOROPHORE / 

p-CYCLODEXTRIN COMPLEXES 

We utilized a newly designed fluorescent probe, Cn-CPB (n = 1,4) and 
Cl-APB (Fig. 9.6). These probes contain a fluorescent pyrenyl group and a 
phenylboronic acid moiety for saccharide recognition. Although these probes 
are water insoluble, P-CyD can solubilize them in water, making them 
extraordinarily effective saccharide receptors working in water by forming 
inclusion complexes. We first found that the C4-CPB/p-CyD complex 
exhibited fluorescence increase upon saccharide binding in water. We 
determined the response mechanism of the C4-CPB/p-CyD complex, and 
subsequently examined the structural effect of the boronic acid probe on 
saccharide sensing by comparing Cl-CPB and Cl-APB with C4-CPB. 
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Figure 9.6. Fluorescent probes and model compounds used in this section. 

9.2.1. Saccharine recognition by the C4-CPB/p-CyD Complex 

9.2.1.1. Spectral Properties ofC4'CPB in Aqueous DMSO Solution 

Figure 9.7 shows UV-Vis and fluorescence spectra of C4-CPB recorded in 
various aqueous DMSO solutions. In 2% DMSO, the absorption peaks of 
C4-CPB are broader than those in 25% DMSO solution, which indicates the 
aggregation of C4-CPB in water. The absorption and fluorescence spectra of 
C4-CPB in 2% DMSO solution are markedly changed by the addition of 
p-CyD. The absorption spectrum of C4-CPB in 2% DMSO solution with 5.0 
mM P-CyD (spectrum 3 in Fig. 9.7a) is similar to that in 25% DMSO solution. 
This indicates the presence of monomeric C4-CPB in a P-CyD cavity. The 
fluorescence spectra of C4-CPB in the same solvent mixtures are shown in 
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Figure 9.7. Spectral properties of C4-CPB in aqueous DMSO solution, (a) UV-Vis spectra: optical 
path length, 5 cm. (b) Fluorescence spectra: excitation wavelength, 328.0 nm; excitation bandwidth, 
5 nm; emission bandwidth, 3 nm. [C4-CPB] = 1.05 ^M in (1) 2% DMSO-98% water (v/v), (2) 25% 
DMSO-75% water (v/v), and (3) 2% DMSO-98% water (v/v) containing 5.0 mM P-CyD. pH = 7.5 
adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). Reproduced by permission of 
American Chemical Society. 
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Figure 9.7b. In 2% DMSO solution, no emission is observed due to a 
self-quenching of aggregated C4-CPB. In contrast, probe C4-CPB in 25% 
DMSO solution shows fluorescence at 370-430 nm with a vibronic structure, 
which is characteristic of the monomer emission of the pyrene moiety. It 
should be noted that the fluorescence intensity of C4-CPB is markedly 
enhanced in the presence of p-CyD (spectrum 3 in Fig. 9.7b). This 
enhancement results from an increase in fluorescence quantum yield for 
C4-CPB induced by the formation of an inclusion complex with p-CyD, which 
restricts the molecular motion of C4-CPB and reduces the radiationless 
transition process. 

9.2.1,2. Fructose Recognition by the C4-CPB/j3-CyD Complex in Water 

The response to fructose of C4-CPB was examined at pH 7.5 in 2% DMSO 
solution, 25% DMSO solution, and 2% DMSO solution containing 5.0 mM 
P-CyD by monitoring fluorescence emission. Figure 9.8a shows a typical 
fluorescence response for the C4-CPB/p-CyD complex upon fructose addition. 
It is noted that the fluorescence of the C4-CPB/p-CyD complex in 2% DMSO 
solution increases as the fructose concentration is increased from 0 to 30 mM 
(plots 3 in Fig. 9.8 b), while no fluorescence response is observed for C4-CPB 
in 2% DMSO solution (plots 1 in Fig. 9.8b). In 25% DMSO solution, 
fluorescence intensity of probe C4-CPB exhibits a reasonable increase (plots 2 
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Figure 9.8. (a) Fluorescence spectra of the C4-CPB/p-CyD complex upon addition of fructose: 
[C4-CPB] = 1.05 \iM and [fructose] = 0-30.0 mM in 2% DMSO-98% water (v/v) containing 5.0 
mM P-CyD; excitation wavelength, 328.0 nm; excitation bandwidth, 5 nm; emission bandwidth, 3 
nm; pH = 7.5 adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). (b) Dependence of 
7377.5 on the concentration of fructose: [C4-CPB] = 1.05 ^M in (1) 2% DMSO-98% water (v/v), 
(2) 25% DMSO-75% water (v/v), and (3) 2% DMSO-98% water (v/v) containing 5.0 mM P-CyD. 
pH = 7.5 adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). Reproduced by 
permission of American Chemical Society. 
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Figure 9.9. Dependence of 7377.5 as a function of pH: [C4-CPB] = 1.05 îM in 2% DMSO-98% 
water (v/v) containing 5.0 mM P-CyD; (a) [fructose] = 0.0 mM, (b) [fructose] = 30.0 mM. 
Reproduced by permission of American Chemical Society. 

in Fig. 9.8b). These results demonstrate that the C4-CPB/p-CyD complex 
sensor exhibits fructose recognition in water with high sensitivity. 

To clarify the response mechanism, the dependence of fluorescence 
intensity of the C4-CPB/p-CyD complex on pH was analyzed. Figure 9.9 
shows the titration curves of the C4-CPB/p-CyD complex in the absence (a) 
and presence of 30 mM fructose (b). The apparent pÂ a values of C4-CPB 
were determined by nonlinear curve fitting with eq. (1), 

y^Woh^HL+^L 

1 + 

(1) 

where ^ and ^ are the fluorescence quantum yields for HL and L species of 
C4-CPB (see Fig. 9.10), respectively, and ŷ  is a constant which is proportional 
to the intensity of the excitation light and the molar extinction coefficient of 
C4-CPB. The results reveal that the apparent pATg value of C4-CPB decreases 
from 7.95 ± 0.03 to 6.06 ± 0.03 resulting in efficient fructose recognition at 
neutral pH. Figure 9.10 shows proton dissociation and saccharide binding 
equilibria of C4-CPB in water. It is evident that the fluorescence quantum 
yield for C4-CPB increases when C4-CPB is converted into its tetrahedral 
boronate form. Thus, saccharide binding causes an increase in the amount of 
tetrahedral boronate, resulting in a fluorescence enhancement. It is notable 
that the fluorescent recovery of C4-CPB ( ^ / ^ ) reaches 15.2. The emission 
intensity of the fluorescence quenching probes^"^^ decreases with increasing pH, 
which is different from that of the C4-CPB/p-CyD complex. Similarly, the 
fluorescent probes that exhibit increased emission response to saccharides have 
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Figure 9.10. Proton dissociation and saccharide binding equilibria of C4-CPB in aqueous solution 

been developed by Shinkai's group, but their probes' fluorescence intensities 
decrease with increasing pH, which is different from the profile shown in Fig. 
9.9.̂ ^ Therefore, the response mechanism of the C4-CPB/p-CyD complex is 
clearly different from those of the previously reported probes. 

9.2.1.3. Response Mechanism of the C4-CPB/p-CyD Complex in Water 

The fluorescence intensity for the neutral form of C4-CPB is low, 
indicating that the arylboronic acid can act as an electron acceptor from the 
excited-state pyrene donor."̂ ^ To clarify this hypothesis, we examined the 
effect of proton dissociation on the UV-Vis and fluorescence spectra of 
C4-CPB in 95% methanol-5% water (v/v). The addition of 1.0 mM 
benzyltrimethylammonium hydroxide markedly enhanced the fluorescence of 
C4-CPB (Fig. 9.11). It is evident that there is no ground state interaction, 
because no changes are observed in the UV-Vis spectra (dotted lines in Fig. 
9.11). This result strongly supports the existence of photoinduced electron 
transfer (PET) from the pyrene donor to the neutral form of the arylboronic acid 
acceptor.'*^ Since 95% methanol is relatively hydrophobic and no UV-Vis 
spectral change is noted, another sensing mechanism based on changes in 
solubility or aggregate formation"*^ can be excluded. 

To obtain further evidence, fluorescence quenching using model 
compounds was examined. We used 1-methy Ipyrene (MP) and 
4-methoxycarbonylphenylboronic acid (MCPB) as donor and acceptor models 
of the intramolecular pyrene/arylboronic acid system in C4-CPB. The 
UV-Vis and fluorescence spectra of MP (50 |LIM) and increasing amounts of the 
neutral form of MCPB (0-20 mM) in 95% methanol-5% water (v/v) are shown 
in Fig. 9.12a. Similar to the result in Fig. 9.11, the addition of the neutral form 
of MCPB significantly quenched the fluorescence of MP without changing its 
UV-Vis spectra. In contrast, when 40 mM benzyltrimethylammonium 
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Figure 9.11. UV-Vis and fluorescence spectra of C4-CPB in 95% methanol-5% water (v/v): 
[C4-CPB] = 1.05 îM with (1) [BTA] = 0.0 mM and (2) [BTA] = 1.0 mM. BTA: 
Benzyltrimethylammonium hydroxide. Reproduced by permission of American Chemical 

hydroxide is added, which converts MCPB to its tetrahedral boronate form, no 
fluorescence quenching is observed. Figure 9.12b shows the Stem-Volmer 
plot for this system in the absence (condition 1) and presence of the base 
(condition 2). From the slope analysis, the Stern-Volmer constant (A ŝv) in 
condition 1 is determined to be 110 M'\ The quenching rate constant is 
estimated to be around 10^ M^s^ assuming that the fluorescence lifetime of MP 
is ca. 100 ns."*̂  This rate constant is in the expected range for a 
diffusion-controlled quenching by MCPB. Thus, we conclude that the main 
mechanism for fluorescence quenching is electron transfer from the excited MP 
to the neutral form of MCPB. 

0.20 t 
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V\feivelength / nm 
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Figure 9.12. (a) UV-Vis and fluorescence spectra of MP upon addition of MCPB in 95% 
methanol-5% water (v/v): [MP] = 50.0 |iM and [MCPB] = 0-20 mM. (b) Stem-Volmer plots: 
(1) [BTA] = 0.0 mM and (2) [BTA] = 40.0 mM. Reproduced by permission of American 
Chemical Society. 
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Figure 9.13. Response mechanism of the C4-CPB/p-CyD complex for saccharide binding. 

These results strongly support the finding that the fluorescence of C4-CPB 
is quenched due to an intramolecular PET from the pyrene to the trigonal form 
of arylboronic acid. Saccharide binding converts the boronic acid to the 
tetrahedral boronate, which inhibits PET quenching and increases the monomer 
fluorescence intensity (Fig. 9.13). It is evidently a new mechanism for 
saccharide sensing in water. 

9.2.1.4. Binding Equilibrium and Recognition Selectivity of C4'CPB//}-CyD 
Complex for Saccharides 

Four equilibrium constants shown in Fig. 9.10 are expressed by the 
following equations:"*^ 

K^ = 
[H^][L-] 

[HL] 

^ [HLS] 

(2) 

(3) 

^ L S -
[LS-] 

[L-][S] 
(4) 

K HLS 
[HLS] 

[HL][S] (5) 

For an equilibrium analysis, three main equilibrium constants must be 
taken into consideration, since K^ is equal to A â̂ Ls/̂ HLs- From eqs. (2)-(5), 
the fluorescence intensity of C4-CPB/p-CyD is expressed as a function of 
concentrations for proton and saccharide as follows. 
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)^[LL 
/ = 

1 + 
[H"](l + ^HLS[S]) 

(6) 

"HL 
<'̂ HL+<'̂ HLŜ HLS[S] 

1 + ^HLS[S] 
(7) 

V+<^LS^LS[S] 

1 + ^LS[S] 
(8) 

where ^ s and ^ s are the fluorescence quantum yields for HLS and LS 
species of the C4-CPB/p-CyD complex, respectively. By comparing eqs. (1) 
and (6), the apparent acid dissociation constant (̂ â * )̂ is defined as: 

j^app ^ 1 + -^LS[S] 

1 + ^HLstS] 
K^ (9) 

ApJ^a = - l0g 
K. 

log 1 + ^LS[S] 

1 + ^HLS[S] 
(10) 

Equations (9) and (10) imply that no pÂ a shift can be observed upon 
addition of saccharides if the ^HLS is comparable with the Â LS- However, it is 
known that only anionic boronate complexes (LS) are formed to a detectable 
extent, since the trigonal boronate esters (HLS) are very unstable at least in 
dilute aqueous solution.̂ '̂"^^ Thus, in Fig. 9.10, the formation of HLS complex 
can be neglected in water (1 » ATHLSLS]). In addition, the fluorescence 
intensity of the C4-CPB/p-CyD complex with 30 mM fructose reaches the 
same level of intensity at pH 10 without saccharide. Thus, ^ is mostly equal 
to ^s» and eq. (6) is more simply expressed as: 

yff[L]( 

/ = • 

(*HL+4 
/ : 3 ( I + / : L S [ S ] ) " 

1 + 
(11) 
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Therefore, the binding constant (^LS) can be determined by nonlinear curve 
fitting analysis of fluorescence intensity (!) as a function of saccharide 
concentration ([S]) at the fixed pH condition. Alternatively, the J^LS can be 
evaluated by determining the pK^ shift (ApA'a) on the basis of eq. (12). 

Api^, =log(l-f/^Ls[S]) (12) 

It should be noted that the Benesi-Hildebrand plot is only applicable at 
constant pH under the condition of 1 « ^LS[S] . In such a case, the apparent 
experimental binding constant (A^LS^^ )̂ is simply expressed as eq. (13). 

j ^ a p p K LS (13) 

On the basis of the above equations, we examined the saccharide binding of 
the C4-CPB/|3-CyD complex in water containing 2% DMSO. Figure 9.14 
shows the fluorescence intensity changes of the C4-CPB/p-CyD complex upon 
addition of L-arabinose, D-galactose, D-glucose, and D-fructose at pH 7.5. The 
plots are fitted well with eq. (11) (solid lines), and the 1:1 binding constants 
calculated from the nonlinear regression analyses are summarized in Table 9.1. 
The binding constants are compared with the reported values of phenylboronic 
acid,̂ ^ indolylboronic acid 3^^ and the Shinkai's fluorescent probe bearing 
tertiary amine unit, 4^ .̂ The selectivity of the C4-CPB/p-CyD complex for 
monosaccharide binding is essentially the same as that of the phenylboronic 
acid, and thus, the binding constants decrease in the following order: D-fructose 
» L-arabinose > D-galactose > D-glucose. The binding constant of the 
C4-CPB/p-CyD complex for D-fructose calculated from the ApATa [see eq. (12)] 
is 2600 M ^ which corresponds well with the ATLS of 2500 M^ in Table 9.1. 

2.0*-
0.00 20.0 40.0 

[Saccharide] / mM 

60.0 

Figure 9.14. Effect of saccharide concentration on fluorescent response of the C4-CPB/p-CyD 
complex: [C4-CPB] = 1.05 îM in 2% DMSO-98% water (v/v) containing 5.0 mM p-CyD; 
excitation wavelength, 328.0 nm; excitation bandwidth, 5 nm; emission bandwidth, 3 nm; pH = 7.5 
adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). (1) D-fructose, (2) L-arabinose, 
(3) D-galactose, and (4) D-glucose. Reproduced by permission of American Chemical Society. 
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Table 9.1. Binding constants of various fluorescent probes for monosaccharides 

Binding constants (A L̂S / M" )̂ 

D-fructose L-arabinose D-galactose D-glucose 

Phenylboronic acid 

3 

4 (in 33% MeOH) 

4370 

6300 

1000 

391 

158 

C4.CPB/B-CyD comolex 2500 ± 130 270 ± 30 

276 110 

71 

63 

200 ±30 80 ± 30 

9.2.2. Effect of Phenylboronic Acid Probe Spacer 

As shown above, the response mechanism of the C4-CPB/p-CyD complex 
is based on the PET pathway from pyrene to phenylboronic acid. This 
suggests that the spacer length between pyrene and phenylboronic acid strongly 
affects the response efficiency of the probe to saccharides. Thus, the response 
behavior of Cl-CPB having a methylene spacer was examined as a P-CyD 
complex in water. As an additional spacer variation, Cl-APB possessing an 
amide spacer was also investigated, since the amide bond is more stable than 
the ester bond. 

The UV-Vis and fluorescence spectra of Cl-CPB and Cl-APB 
in various aqueous DMSO solutions a re shown in Figs. 9.15 and 
9.16, respectively. The absorption spect rum of Cl-CPB shown in 
Fig. 9.15 a (spectrum l ) reveals t h a t Cl-CPB aggregates in 2% 
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Figure 9.15. Spectral properties of Cl-CPB in aqueous DMSO solution, (a) UV-Vis spectra: 
optical path length, 5 cm. (b) Fluorescence spectra: excitation wavelength, 328.0 nm; excitation 
bandwidth, 5 nm; emission bandwidth, 3 nm. [Cl-CPB] = 1.05 fiM in (1) 2% DMSO-98% 
water (v/v), (2) 25% DMSO-75% water (v/v), and (3) 2% DMSO-98% water (v/v) containing 5.0 
mM P-CyD. pH = 7.5 adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). 
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Figure 9.16. Spectral properties of Cl-APB in aqueous DMSO solution, (a) UV-Vis spectra: 
optical path length, 5 cm. (b) Fluorescence spectra: excitation wavelength, 328.0 nm; excitation 
bandwidth, 5 nm; emission bandwidth, 3 nm. [Cl-APB] = 1.05 ^M in (1) 2% DMSO-98% 
water (v/v), (2) 25% DMSO-75% water (v/v), and (3) 2% DMSO-98% water (v/v) containing 5.0 
mM P-CyD. pH = 7.5 adjusted by 0.015 M phosphate buffer (/ = 0.08 M with NaCl). 

DMSO solution, but it is solubilized in water by forming an 
inclusion complex with p-CyD (spectrum 3). The aggregated 
Cl-CPB exhibits weak and broad emission, as shown in Fig. 9.15b 
(spectrum l). The pyrene monomer fluorescence becomes 
significant in the presence of P'CyD (spectrum 3). The 
fluorescence intensity in the p-CyD solution is higher than that in 
25% DMSO solution (spectrum 2), indicating that Cl-CPB is 
incorporated inside the p-CyD cavity. In contrast, the UV-Vis 
spectrum of Cl-APB in 2% DMSO is similar to that in 25% DMSO 
solution, indicating that Cl-APB is soluble even in 2% DMSO (Fig. 
9.16a). The pyrene fluorescence in 2% DMSO also supports the 
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Figure 9.17. Effect of D-fructose concentration on fluorescent response of the (a) 
Cl-CPB/p-CyD and (b) Cl-APB/p-CyD complexes: [Cl-CPB] or [Cl-APB] = 1.05 nM in (1) 
2% DMSO-98% water (v/v), (2) 25% DMSO-75% water (v/v), and (3) 2% DMSO-98% water 
(v/v) containing 5.0 mM P-CyD; excitation wavelength, 328.0 nm; excitation bandwidth, 5 nm; 
emission bandwidth, 3 nm; pH = 7.5 adjusted by 0.015 M phosphate buffer (/ = 0.08 M with 
NaCl). 
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Figure 9.18. Dependence of fluorescence intensity as a function of pH: [Cl-CPB] or [Cl-APB] 
= 1.05 |iM in 2% DMSO-98% water (v/v) containing 5.0 mM P-CyD; (a) [fructose] = 0.0 mM, (b) 
[fructose] = 30.0 mM. 

high water solubihty of Cl-APB (Fig. 9.16b). The addit ion of 5 
mM p-CyD caused a n increase in fluorescence in tensi ty of Cl-APB 
in 2% DMSO (spectrum 3). However, the in tensi ty is smal ler 
t h a n t ha t in 25% DMSO (spectrum 2). This is probably because 
Cl-APB h a s relatively high wate r solubility and its b inding ability 
wi th p-CyD is low to be included inside the P"CyD cavity. 

The effects of fructose concentration on the fluorescence spectra of 
Cl-CPB and Cl-APB are evaluated at pH 7.5 in 2% DMSO solution, 25% 
DMSO solution, and 2% DMSO solution containing 5.0 mM p-CyD. 
Fluorescence intensities both of the Cl-CPB/p-CyD and Cl-APB/p-CyD 
complexes increase as the fructose concentration is increased. The 
dependence of fluorescence intensity on fructose concentration, as shown in 
Fig. 9.17, indicates that the Cl-CPB/p-CyD and the Cl-APB/p-CyD 
complexes efficiently recognize fructose in water. Figure 9.18 shows the 
fluorescence intensity dependence of the Cl-CPB/p-CyD and Cl-APB/p-CyD 
complexes on pH in the absence and presence of 30.0 mM fructose. From 
curve fitting analysis with eq (1), the pK^s of Cl-CPB and Cl-APB are 
calculated to be 8.26 ± 0.02 and 8.04 ± 0.03, respectively. The apparent p^a 
decreases to 6.30 ± 0.01 and 6.03 ± 0.02, respectively, by the addition of 30 
mM fructose. It is interesting to note that the ratio of quantum yield between 
the neutral and basic forms of Cl-CPB ( ^ / ^ ) reaches 57.4. This 
fluorescence enhancement with acid dissociation is much higher than that of 
C4-CPB ( ^ / ^ = 15.2). This demonstrates that a more efficient PET 
process between pyrene and phenylboronic acid is taking place in the case of 
Cl-CPB due to its shorter spacer length. On the other hand, the fluorescence 
recovery of the Cl-APB/p-CyD complex ( ^ / ^ ) is 34.5. This may be due to 
the difference in the conformation of the boronic acid probe inside the P-CyD 
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Table 9.2. Comparison of characteristics of boronic acid probc/p-CyD complex 

probe 

Cl-CPB 

Cl-APB 

C4-CPB 

P^a 

8.26 ± 0.02 

8.04 ± 0.03 

7.95 ± 0.03 

(with 30 mM fructose) 

6.30 ± 0.01 

6.03 ± 0.02 

6.06 ± 0.03 

<k.l<l>»L 

57.4 

34.5 

15.2 

^LS/M'* 

2800 ± 70 

3900 ±120 

2500 ±130 

KLS is the binding constant of the probe/p-CyD complex for D-fructose. 

cavity, since the calculated reduction potential of carboxyphenylboronic acid is 
mostly equal to that of the amidophenylboronic acid. It is plausible that the 
amide group of Cl-APB interacts with the hydroxyl groups of the p-CyD rim 
via hydrogen bonding to stabilize theinclusion complex, which may affect the efficiency of 
electron transfer. The pÂ a, ^ ^ u and the 1:1 binding constants for fructose as 
calculated by nonlinear regression analyses of threeboronic acid probe/p -Cy D 
complexes are summarized in Table 9.2. The Cl-APB/p-CyD complex has the highest 
binding constant among the three probes, and there is no correlation between 
the apparent pÂ a and the binding constant for fructose. This result indicates 
that the affinity for saccharides of the boronic acid probe/p-CyD complex 
depends not only on the nature of the probe itself, but also on other factors such 
as the conformation of the inclusion complex. 

In conclusion, the Cl-APB/p-CyD complex is a desirable fluorescent probe 
for saccharide recognition in water because of its high affinity to saccharides as 
well as the relatively high fluorescent recovery upon saccharide binding. 
Since Cl-APB is highly water soluble, it is possible to dissolve the probe in 
water without the addition of DMSO. This is an additional advantage of 
Cl-APB as the P-CyD complex sensor for use in water. 

9.3. FUTURE PERSPECTIVE OF SUPRAMOLECULAR 
CYCLODEXTRIN COMPLEX SENSORS 

It should be noted that the Shinkai group has been providing efficient 
glucose sensors, as well as probes for chiral saccharide recognition, by 
incorporating two boronic acid units as a saccharide recognition site with a 
tertiary amine PET system.^^^ '̂ ^̂ ' *̂ In comparison, the advantages of the 
self-assembled boronic acid probe/p-CyD complex sensors shown in section 2 
are (1) the high probe solubility in water and (2) the high fluorescent quantum 
yield due to inclusion complex formation. In addition, the combination of 
boronic acid probes with the CyD derivatives bearing various functional 
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Figure 9.19. Molecular recognition by combination of boronic acid probe with modified CyD. 
(a) Anion-exchange CyD. (b) Cation-exchange CyD. 

groups^^ may provide multipoint saccharide recognition. For example, the 
anion exchange CyD bearing the ammonium group should stabilize the anionic 
boronate complex with saccharide, as shown in Fig. 9.19a. On the other hand, 
the cation exchange CyD possessing a carboxyl group should provide 
smultipoint recognition for dopamine in combination with a boronic acid probe 
(Fig. 9.19b). 

Figure 9.20. Saccharide recognition by boronic acid modified CyD. 

Figure 9.21. Glucose recognition by cooperative binding. 



256 A.YAMAUCHl£r^ 

H O ^ ^OH 

Figure 9.22. Psuedorotaxane composed of phenylboronic acid modified CyDs. 

Phenylboronic acid can also be attached to CyD. In this case, binding 
with saccharides may be analyzed by measuring the spectral change of the 
included fluorescent molecule (Fig. 9.20). Since CyD has hydroxyl groups 
that can bind with saccharides via hydrogen bonding on its rims, it is expected 
to display a novel selectivity for saccharides in water. When a phenylboronic 
acid probe is incorporated inside the cavity of modified CyD, we may design 
the glucose sensing system by utilizing the cooperative binding of two 
phenylboronic acid groups (Fig. 9.21). A pseudorotaxane composed of 
phenylboronic acid-modified CyDs is another approach to glucose sensor 
design, as shown in Fig. 9.22. The evolutional development of such 
probe/CyD complex sensors is being actively pursued by our research group as 
a future prospect of the present study. 
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PLASMONIC GLUCOSE SENSING 

Kadir Aslan^ Joseph R. Lakowicz^, and Chris D. Geddes'' 1,2 

10.1. INTRODUCTION 

Diabetes results in long-term health disorders including cardiovascular 
disease and blindness. One of the major challenges in the management of 
diabetes is the monitoring of glucose concentrations. Yet after several decades 
of intense research/"^ still no method is available for the continuous non­
invasive monitoring of blood glucose, never mind a generic technology which 
could be applied across-the-board for glucose sensing in other physiological 
fluids. In fact the invasive nature of glucose monitoring in blood, primarily 
undertaken by "finger pricking", has further fueled the search for non-invasive 
technologies, "̂̂ ^ which can potentially monitor physiological glucose in fluids 
such as urine and tears based on the boronic acid / glucose "̂̂ ^ and glucose-
binding protein / glucose^^ interactions. 

Noble metal nanostructures, i.e., silver or gold, etc., have been studied 
extensively and are emerging as important colorimetric reporters due to their 
high extinction coefficients, which are typically several orders of magnitude 
larger than those of organic dyeŝ "̂*̂ .̂ Gold and silver nanoparticles display 
strong plasmon absorption bands depending on their size and shape, '̂ '̂ ^ and 
they are also shown to quench^ ̂  and/or enhance fluorescence emission of 
fluorophore^^ within close proximity. Aggregation of these nanoparticles results 
in fiirther color changes of their solutions due to mutually induced dipoles that 
depend on interparticle distance and aggregate size.̂ "̂̂ ^ The fact that the 
plasmon resonance is a sensitive function of nanostructure geometry, coupled 
with synthetic advances that allow for the controlled and systematic variations 
in nanostructure geometry, is leading to the expanse of this sensing field called 
"plasmonics". Gold nanoparticle aggregation induced by analytes has been 
demonstrated for DNA, ^^'^^ proteins ^̂ '̂ '̂̂ ^ and antibodies.^^ In this chapter, the 
use of gold nanoparticles in glucose sensing is summarized. 

^-Institute of Fluorescence, Laboratory for Advanced Medical Plasmonics (LAMP), University of 
Maryland Biotechnology Institute, ^-Center for Fluorescence Spectroscopy, University of Maryland 
at Baltimore, 725 W. Lombard St., Baltimore, MD 21201 USA, * Corresponding author, 
geddes@cfs.umbi.umd.edu 
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10.2. OPTICAL PROPERTIES OF GOLD NANOPARTICLES 

It is essential to present the optical properties of gold nanoparticles before 
summarizing their use in glucose sensing. As briefly mentioned in introduction, 
solutions of noble metal nanoparticles display intense colors due to the 
absorption and scattering of light. These properties are due to collective electron 
oscillations in the metallic particles, induced by the incident light field, giving 
rise to the so-called plasmon resonance (SPR) absorption.̂ "̂̂ "̂  The surface 
plasmon absorption depends on several factors, size, shape and composition. 
For sake of brevity, only the optical properties of spherical metal nanoparticles 
are presented here. Detailed information on the preparation and optical 
properties of anisotropic nanoparticles could be found in reference.^^ 

Figure 10.1 shows the absorption spectra of gold nanoparticles with various 
diameters. Typically, the SPR peak for the 20 nm gold nanoparticles occurs 
around 520 nm and is red-shifted for the larger sizes of gold nanoparticles. 

0.6 

400 500 600 700 800 

Wavelength / nm 

900 

Figure 10.1. Absorption spectrum of gold nanoparticles in deionized water with various sizes. 

Most applications of metallic nanoparticles to date have been concerned 
with measurements of the plasmon absorption, as seen by direct absorption or 
even by visual color, and the subsequent changes induced by either aggregation 
or flocculation of the nanoparticles in solution. Both experimental and 
theoretical studies have shown that the resonant wavelength of two close 
proximity and coupled nanoparticles is significantly red-shifted from that of the 
monomers, where the shift decays approximately exponentially with increasing 
particle spacing, decreasing to almost zero when the distance between the 
nanoparticles exceeds « 2.5 times the particle size. 
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However one property of metallic nanoparticles which has received very 
little attention is their ability to efficiently scatter light.^ '̂ '^^ It has been reported 
that light scattered from individual colloids can be equivalent to the intensity of 
10̂  fluorescein molecules,^^' ̂ "̂  which has the potential to offer new approaches 
to bioaffmity based colloid sensing. While the scattered light from colloids does 
not have the information content of fluorescence, and therefore at first glance is 
unlikely to provide an opportunity for measurements which are not sensitive to 
total intensity such as anisotropy or wavelength-ratiometric measurements, it 
was found that changes in the plasmon absorption can be monitored by changes 
in the intensity of scattered light and its dependence on wavelength.^^ 

Since the particle size, the degree of aggregation, and the dielectric 
constant of the media determine optical properties of metal nanoparticles, the 
applications of these particles exploiting the strong dependence of optical 
properties with aggregation and surrounding dielectric media have been 
implemented through proper surface modification of the nanoparticles or by 
embedding them in different dielectric media. This is also the essence of 
plasmonic glucose sensing. 

The following section summarizes the methods used for the preparation of 
surface-flinctionalized gold that have been used for plasmonic glucose sensing. 

10.3. PREPARATION OF LIGAND FUNCTIONALIZED GOLD 
NANOPARTICLES FOR GLUCOSE SENSING AND OTHER 
APPLICATIONS 

Metallic nanoparticles that can be used for plasmonic glucose sensing are 
usually prepared by introducing a functional ligand (i.e., a monosaccharide 
derivative: glucose, mannose, lactose, or polysaccharide: dextran) to the surface 
of the nanoparticle. These functional groups interact reversibly with glucose-
binding proteins, such as Concanavilin A (Con A), and results in significant 
changes in the optical properties of the nanoparticles that are directly related to 
the glucose concentration. 

There are two generic strategies for the preparation of ligand flinctionalized 
metal nanoparticles: i) reduction of gold nanoparticles from their respective 
salts in the presence of the desired ligand and ii) attachment of the desired 
ligand to the gold nanoparticles after the synthesis of the nanoparticles. The 
examples for these techniques are as follows: 

Otsuka et al}^ described the preparation of gold nanoparticles (1-10 nm 
size range) with a narrow size distribution by in situ reduction of HAuCU in the 
presence of heterobifunctional poly(ethylene glycol) (PEG) derivatives 
containing both mercapto and acetal groups (a-acetal-cw-mercapto-PEG). The 
a-acetal-PEG layers formed on gold nanoparticles provide for significant 
stability to the nanoparticles in aqueous solutions with elevated ionic strength 
and also in serum-containing medium. The PEG acetal terminal group was 
converted to aldehyde by gentle acid treatment, followed by the reaction withp-
aminophenyl-yS-D- lactopyranoside (Lac) in the presence of (CH3)2NHBH3. 
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Lac-conjugated gold nanoparticles exhibited selective aggregation when 
exposed to Recinus communis agglutinin (RCAno), a bivalent lectin specifically 
recognizing the y6-D-galactose residue, inducing significant changes in the 
absorption spectrum with concomitant visible color change from pinkish-red to 
purple. Aggregation of the Lac-flinctionalized gold nanoparticles by the RCA120 
lectin was reversible, recovering the original dispersed phase and color by 
addition of excess galactose. Further, the degree of aggregation was 
proportional to lectin concentration, allowing the system to be utilized to 
quantitate lectin concentration with nearly the same sensitivity as ELISA. This 
simple, yet highly effective, derivatization of gold nanoparticles with 
heterobifunctional PEG provides a convenient method to construct various 
colloidal sensor systems currently applied in bioassays and biorecognition. 

In a similar fashion, mannose-modified gold nanoparticles were prepared 
by Lin et al?^ In this regard, reduction of HAuCU in the presence of a 
thiomannosyl dimer (synthesized by the authors) and NaBH4 resulted in 
mannose-encapsulated gold nanoparticles (m-AuNP) with 6 ± 1 nm diameter. 
The authors^^ have studied the ability of the m-AuNP to bind mannose-specific 
adhesion FimH of type 1 pili Escherichia coli, and found that m-AuNP 
specifically bound to pili of the ORN178 strain of £". coli at room temperature. 

In a recent paper, Noltin et al.^^ reported the synthesis, characterization, 
and biological evaluation of gold glyconanoparticles containing 100% 
galactosyl- and 100% glucosyl-yff-C-glycosides linked to thiolated ethylene 
glycol spacers. The synthesis of gold glyconanoparticles was performed by the 
reduction of HAuCU in the presence of above-mentioned linkers and NaBH4 
and the diameter of the resulting nanoparticles ranged between 1.6 and 2.1 nm. 
A biotin-NeutrAvidin adhesion assay was used to evaluate the relative ability of 
carbohydrate disulfides (galactosyl- and glucosyl->^C-glycosides) in free form 
and immobilized on to gold nanoparticles to displace rgpl20 (a HIV-associated 
glycoprotein) from plate-bound cellular receptors GalCer. The authors^^ data 
indicated that divalent disulfides were less than 12% as active as biotinylated 
GalCer, a water-soluble surrogate of GalCer. However, when these same 
carbohydrates were presented in a polyvalent display on gold, they were greater 
than 300 times more active than the disulfides and at least 20 times more active 
than biotinylated GalCer. 

In 2001, de la Fuente et al}^ described the synthesis of water-soluble gold 
nanoparticles functionalized with a monolayer of alkane thiol derivatized 
neoglycoconjugates of two oligosaccharides: lactose trisaccharide and 
trisaccharide Le"" antigen. The synthesis of gold glyconanoparticles was 
performed by the reduction of HAuCU in the presence of above-mentioned 
linkers and NaBH4 and the average diameter of the resulting nanoparticles were 
2 nm. The authors showed how these tailored globular carbohydrate models can 
be used mimic glycosphingolipid clusters in plasma membrane, to investigate a 
novel mechanism of cell adhesion through carbohydrate-carbohydrate 
interactions in solution.^^ In a follow-up paper, ^̂  the same authors showed how 
these interactions can be used to guide the assembly of gold nanoparticles. 
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Only a few examples for the attachment of saccharide derivatives to the 
gold nanoparticles after the synthesis of the nanoparticles for plasmonic glucose 
sensing can be found in the literature. The lack of progress in this method is due 
to the difficulties involved in the surface modification process, such as the loss 
of stability of gold nanoparticles during the ligand attachment. The following 
paragraphs summarize the few successful attempts. 

In 2003, Hone et al^^ described the self-assembly of a mannose derivative 
onto preformed, citrate capped, water soluble gold nanoparticles. Through the 
use of a short (C2) hydrocarbon tether between the gold surface and the 
mannose recognition center, a selective, quantitative, and, importantly, rapid 
colorimetric detection method has been developed for the carbohydrate binding 
protein concanavalin A. 

o SH (CH2)i5COqH 
OH OOC 

NHS/EDC H n < : ^ 1 ^ 0 H 

NH2(CH2)20(CH2)20H ^^ '^^W^OH 
HO Î̂ COOH 

COO' Epicholorohydrin 

M.W: 500,000 
(500 K) Dextran 170,000 

(170 K) 
64,000 
(64 K) 

64 K- 20 nm Gold 

170K-20nmGold 

500K- 20 nm Gold 

Figure 10.2. Synthetic scheme for the preparation of the dextran-coated gold nanoparticles. 
Adapted from reference 33. 
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In 2004, Asian et al described the immobilization of a polysaccharide, 
dextran, onto gold nanoparticles that were subsequently used for glucose 
sensing.^^' ^^ The preparation scheme is presented in Figure 10.2. In summary, 
firstly, the surface of the gold nanoparticles is modified with a long-chain 
carboxyl-terminated alkane thiol (16-mercaptohexadecanoic acid).^^ The 
carboxylic acid groups are activated by N-3-(Dimethylaminopropyl)-N'-ethyl-
carbodiimide (EDC) and N-Hydroxy-2,5-pyrrolidinedione (NHS) to form active 
NHS-esters, and the 2-(2-aminoethoxy)ethanol reacted with NHS-esters 
resulting in an addition of a hydroxyl-terminated second layer to the surface of 
the gold nanoparticles. The hydroxy 1 groups are activated using 
epicholorohydrin to which dextran (with 3 different molecular weight) is 
coupled covalently.^^ The excess dextran was removed by centrifugation. Figure 
10.3 shows both a shift and broadening of the gold plasmon band at « 520 nm 
as the colloids are homogeneously coated with dextran. 

1.2 
(A) Unmodified Gold 
(B) AEE-modified Gold 
(D) Dextran (500K)-modified 

Gold 

400 500 600 700 800 

Wavelength / nm 
Figure 10.3. Normalized absorption spectrum for (A) Unmodified 20 nm gold nanoparticles, (B) 
AEE modified nanoparticles and (D) Dextran coated 20 nm gold nanoparticles. Adapted from 
reference 33. 

10.4. PLASMONIC GLUCOSE SENSING 

As explained in the Introduction, the close proximity of two gold 
nanoparticles, induced by specific biological interactions is known to result in a 
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red-shifted resonance wavelength peak and increased scattered light intensity, 
due to near-field coupling. The only examples of plasmonic glucose sensing 
using these phenomena found in literature are by Asian et al?^' ^ Their sensing 
strategy is based on the aggregation and disassociation of 20 nm gold particles, 
which result in the changes in plasmon absorption and light scattering of gold 
nanoparticles, induced by the presence of Con A and glucose, respectively. 

Figure 10.4 shows the glucose sensing scheme reported by Asian et al?^'^^ 
In this regard, high molecular weight dextran-coated nanoparticles are 
aggregated with Concanavalin A (Con. A), where the aggregation results in a 
significant shift and broadening of the gold plasmon absorption and in increased 
scattered light intensity. The addition of glucose competitively binds to Con A., 
reducing gold nanoparticle aggregation, and therefore the plasmon absorption/ 
scattered light when monitored at a near-red arbitrary wavelength. 

The plasmonic type glucose nanosensors were optimized with regard to 
particle stability, pH effects, the dynamic range for glucose sensing and the 
observation wavelength, to be compatible with both clinical glucose 
requirements and measurements. In addition, by modifying the amount of 
dextran or Con A used in nanoparticle fabrication, the glucose response range 
was tuned to some extent, which means that a single sensing platform could 
potentially be used to monitor \x -^ mM glucose levels in many physiological 
fluids, such as in tears, blood and urine, where the glucose concentrations are 
significantly different. These results are summarized in this section. 

: Dextran < > Con § : Glucose 

Figure 10.4. Glucose sensing scheme based on the dissociation of dextran-coated gold 
nanoparticles / Con A aggregates. 
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10.4.1. Fabrication of Glucose-Sensing Aggregates 

For the building of plasmonic nanogold glucose sensors it is important to 
consider the pH effects on the stability of the sensing aggregates. Figure 10.5 
shows the normalized absorption spectra of the dextran-coated nanoparticles as 
a function of pH. From Figure 10.5, it is seen that the dextran-coated nanogold 
plasmon absorption band is typically red-shifted and broader at lower pH values 
as compared to that in physiological pH for all three model systems. As has 
been previously reported,̂ '̂̂ ^ the aggregation of nanogold results in a 
broadening of the absorption spectrum at wavelengths longer than 600 nm and a 
shift in the SPR peak. It was found that the aggregation of the dextran-coated 
nanoparticles in solution depends on several parameters, such as pH and ionic 
strength, which is thought due to the balance of forces, attractive van der Waals 
forces and repulsive electrostatic forces, between the nanoparticles. The 

17 1Q on 

flocculation parameter, ' ' is the integrated absorption between 600-800 nm 
and provides further evidence for the extent of aggregation. 

Figure 10.6 shows the flocculation, where we can see a notable difference 
in nanoparticle stability at « neutral pH. For physiological glucose sensing, this 
is ideal, especially given that physiologies do not experience and notable 
changes in pH. The reduced flocculation parameter at pH 7 (improved particle 
stability) is thought to be a function of residual carboxylic acid groups that may 
be still present on the nanogold surface after reaction with AEE, Figure 10.2, 
step 2, and we have thus depicted this by the presence of carboxylic acid groups 
throughout Figure 10.2. We have guesstimated the conversion of the carboxylic 
acids groups shown in Figure 10.2, step 2, to be « 80 %.̂ ^ Interestingly, the 500 
k dextran nanogold shows better particle stability than the 170 and 64 k 
dextran-coated nanogold particles, which we have attributed to the dextran size. 
In any event the presence of unreacted carboxylic acid groups affords for better 
particle stability at a neutral pH. Subsequently all glucose sensing studies were 
undertaken at a solution pH of 7. 

As depicted in Figure 10.4, the sensing aggregate works by the dissociation 
of Con A., aggregated dextran-coated nanogold particles upon addition of 
glucose. Con A is a well-known multivalent protein (four binding sites at pH 7), 
^̂ '̂ ^ which allows for at least two different dextran-coated nanoparticles to 
cross-link, due to the affinity between dextran and Con A.̂ "̂"̂ ^ The addition of 
Con A both broadens and red-shifts the absorption spectra of the dextran-coated 
nanogold particles, a function of interparticle coupling due to the close 
proximity of the nanogold particles. Figure 10.7. 

Figure 10.8 shows the time-dependent change of absorbance at 650 nm for 
the 500k dextran coated nanogold particles with different concentrations of Con 
A. The greatest changes in AA650 nm were observed for the 500 k dextran 
coated particles, with relatively smaller changes observed for the 64 k dextran 
coated nanogold particles (not shown). 
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Figure 10.5. Normalized absorbance spectra of dextran-coated gold nanoparticles 500 K (Top), 170 
K (Middle), and 64 K (Bottom) in different buffers with pH varying between 3 and 11. Adapted 
from reference 34. 
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Figure 10.6. Flocculation parameter versus the pH of the medium for dextran-coated gold 
nanoparticles. . Adapted from reference 34. 
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Figure 10.7. Normalized absorption spectra of 500 k dextran-coated 20 nm nanogold, crosslinked 
with different concentrations of Con A.. Adapted from reference 34. 
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Figure 10.8. Time-dependent change in absorbance at 650 nm for 500 k dextran coated Gold 
nanoparticles) with different initial amounts of Con A: (1) 110 mM Con A, (2) 75.0 mM Con A, (3) 
56.0 mM Con A, (4) 37.0 mM Con A, (5) 18.7 mM Con A, (6) 4.40 mM Con A. Adapted from 
reference 34. 

The changes in absorption (AAeso = Measured abs - initial abs at time t = 0) 
could be modeled moderately well by a growth exponential function of the 
form: 

AA650 = AA650(final)(l " C ^ ) (I) 

where AA650 is the A650 nm absorbance at time, t, AA650(rinai) is the A650 fmal 
plateau absorbance, and kj the rate constant for the rate of change of 
absorbance, due to dextran coated nanogold aggregation (units s'̂ ), Figure 10.9. 
For the three different dextran molecular weights considered for nanosensor 
fabrication, a greater rate of absorption change due to the aggregation of the 
nanoparticles as well as a greater fmal (plateau) AA650 nm value, i.e. AA650(fmai), 
Figure 10.10 and Table 10.1, for the 500 k dextran nanogold particles was seen. 
One possible explanation for this observation could be the availably of dextran 
on the surface of the nanogold for Con A binding, where the molecular weight 
of Con A is approximately 104,000 daltons (pH 7), and the extent of interaction 
between Con A and the dextran is limited by the size of the dextran. Hence as 
the size of the dextran is decreased, then the possibilities for crosslinking are 
reduced. 
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Figure 10.9. Change in absorbance at 650 nm for 500 k dextran coated gold nanoparticles, 
experimental data and the model fit. Adapted from reference 34. 
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Figure 10.10. Maximum change in absorbance at 650 nm for dextran-coated gold nanoparticles 
versus the concentration of Con A used. Adapted from reference 34. 
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Table 10.1 - Kinetic data obtained from fitting to equation 1 with the data 
shown in Figure 10.8 and for 170 k and 64 k dextran coated gold 
nanoparticles aggregated with different amounts of Con A. 

1 [Con A] 

1 4.40 

18.7 

37.0 

56.0 

75.0 

1 110 

500 K 

AAeso, final 

0.056 

0.340 

0.535 

0.611 

0.892 

1.122 

is') 

3.87*10^ 

7.65*10-* 

14.0*10-* 

16.0*10^ 

18.1*10-* 

19.4*10-* 

R̂  

0.988 

0.996 

0.956 

0.944 

0.912 

0.996 

1 170 K 1 

AAeSO, final 

0.037 

0.167 

0.311 

0.271 

0.551 

0.912 

k i 

4.13*10-^ 

9.37*10"^ 

1.81*10"^ 

5.39*10'^ 

10.9*10-^ 

5.30*10-^ 

R̂  1 

0.804 

0.780 

0.991 

0.956 

0.916 

0.993 

1 [Con A] 

1 ^^ 
1 4.40 

1 ^^'^ 
1 ^̂'̂  
1 66.0 
1 75.0 

1 ^^^ 

64K 1 

AAesO, final 

1 
0.122 

0.311 

0.304 

1 
1 

ki 

-

0.29*10"^ 

2.80*10^ 

0.69*10" 

-

-

R̂  1 

1 
0.500 1 

0.995 

0.560 

1 
1 

10.4.2. Glucose Sensing based on the Dissociation of Dextran-coated Gold 
Nanoparticle / Con A Aggregates 

There have been continued efforts to develop optical based methods for 
glucose detection. ̂ '"̂  Several solution-based fluorescence methods have been 
based on the glucose binding protein Con A, and a polysaccharide, typically 
dextran, which serves as a competitive ligand for glucose."^^ Typically for 
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fluorescence based glucose sensors, the Con A is labeled with a fluorescent 
donor and the dextran with an acceptor, but the labels can readily be reversed. ^^ 
The binding of Con A and dextran results in a both a decrease in fluorescence 
intensity and lifetime of the donor. However, the addition of glucose creates a 
competetion for the glucose binding sites on Con A, releasing Con A from the 
acceptor, resulting in an increase in the intensity, lifetime and phase angles.^^ In 
the system described in the previous section, the aggregation of the dextran 
coated nanogold with Con A results in both a red-shift and broadening of the 
gold plasmon absorption and in an increase in scattered light intensity. In an 
analogous manner to the FRET systems, based on Dextran and Con A as 
described above, the presence of glucose competes with dextran coated colloids 
for Con A binding sites, resulting in the dissociation of the Con A aggregated 
nanogold, Figure 10.4. This results in a decrease in the absorbance of the 
nanogold when monitored at an arbitrary near-red 650 nm wavelength as well 
the decrease in scattered light at 550 nm. Figures 10-12. 
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Figure 10.11. Time-dependent change in absorbance at 650 nm for (top) 64K dextran and (Bottom) 
500 K dextran coated gold nanoparticles after the addition of glucose. Adapted from reference 34. 
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Upon addition of glucose to the Con A aggregated, Dextran-coated 
nanogold, the scattering spectra typically decrease in intensity and slightly blue 
shift, in accordance with the disassociation of the aggregates, Figure 10.12. 
Similar to the findings with the absorption based measurements,^"^ it was found 
that the greatest scattering changes were obtained for a 170 K dextran sensing 
aggregate, which had been crosslinked with 20 |iM Con A, Figure 10.12 -
Bottom. These scattering spectra were taken after « 45 mins, at the 90 % 
response times, i.e. the time after which the signal had changed by 90 % of its 
original value, as previously described by the authors.̂ "̂  

170K + 4^ iMConA 

170K + 4 ^ M C o n A 
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10 to 80 mM 

500 550 600 650 

Wavelength / nm 

170K + 2 0 u M C o n A 

170 K + 20 ̂ M Con A 
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10 to 80 mM 

500 550 600 650 700 

Wavelength / nm 

Figure 10.12. Wavelength-dependent scattering from dextran-coated gold nanoparticles after the 
addition of glucose with 4 mM Con A (Top), and 20 mM Con A (Bottom) upon white LED 
illumination. Adapted from reference 35. 

Figure 10.13 shows the time-dependent scattering at 560 nm for the sensing 
aggregate compositions shown in Figures 4 and 5. In Figure 10.13 - Top one 
can clearly see the slow aggregation of the system, indicated by the gradual 
change in 560 nm scatter, itself induced by 4 |iM Con A. The addition of 
glucose decreases the I550 scatter as the aggregates disassociate. In comparison, 
much greater changes in scatter can be observed at 560 nm by the addition of 20 
|iM Con A, the addition of glucose after the 90 % response time, returning the 
scatter value to w the initial unaggregated scatter value, i.e. before Con A 
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Figure 10.13. Time-dependent scattering intensity of dextran-coated gold nanoparticles in the 
presence of glucose and 40 mM Con A (Top), and 80 mM Con A (Bottom) upon white LED 
illumination. Adapted from reference 35. 

addition. Figure 10.13 - Bottom. As expected, increasing the concentration of 
Con A results in a greater extent of scattering from the larger aggregates. This 
result is consistent with previous reports which showed that the scattering cross 
section increased with colloid size.^ '̂ "̂̂  However, these reports referred to the 
size of the colloid monomers and not the aggregates as described here. 

The changes for both I560 and l68o nm scatter vs. time, due to nanoparticle 
aggregation, for the 20, 40 and 80 \xM Con A aggregates could be modeled 
moderately well by a growth exponential of the form: 

/56O = /560(Fma/)(l - eXp(-A:i /)) (2) 
where I560 is the uncorrected scattered intensity at 560 nm at time, /, heooinai) is 
the final plateau scattered intensity after 90 % Con A induced aggregation, and 
ki, the rate constant for the rate of change of scattering, due to the dextran-
coated nanogold aggregation (units s"̂ ). Figure 10.13 and Table 10.2. From 
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Table 10.2 one can see a greater rate of change of scatter for nanogold 
compositions containing more Con A, and indeed a greater final scattered 
intensity, i.e. Isso^nai)- It is worth noting that the true form of the scattered light 
equation with time is likely to be: 

/560 = /O + (l560(Final) - / o ) ( l - QXp(-klt)) 
(3) 

where IQ is the initial scattered intensity of the sensing system and i^ 0. For the 
ease of data fitting, the data was normalized so that IQ = 0. 

The decrease in scattered light intensity upon cumulative glucose addition, 
shown in Figure 10.13, could be modeled well to a simple exponential, of the 
form: 

/560 = /560(F/«a/)(eXp(—A:2^) 
(4) 
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Figure 10.14. Fitting of equation 2 to the 560 nm time-dependent scattering for 40 fiM Con A 
induced nanogold aggregation (Top), and equation 4 to the dissociation of the same sensing 
aggregate by glucose (Bottom). Adapted from reference 35. 
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where 2̂ is the rate of change of scatter due to glucose addition, noting again 
the normalization to zero after complete dissociation by glucose, i.e. at ^ = 00. In 
this regard, normalizing both curves for fitting. Figures 10.14 Top and Bottom 
is justified as the responses obtained in the scattering vs. time plots. Figure 
10.13 reversibly change to the same initial scattered intensity value, the I560 
values of Figure 10.14, being in essence AI560 scattering values. It should be 
noted that the l560(fmai) values for association (nanosensor Con A induced 
aggregation) and disassociation (by glucose) are not the same in Table 10.2. 
This was explained by the initial non-diffiision limited dissociation of the 
aggregates by glucose. Figure 10.13, just after the initial addition. Hence the 
fitting occurred for the data after the first glucose addition. 

Table 10.2 - Parameters obtained from fitting the aggregation and 
disassociation curves to equations 2 and 4 respectively. 

Aggregation (Con A induced) 

Con A 

20|aM 

40|aM 

80 nM 

l560(Final) 

i 1844 

2088 

2383 

1 (s-1) 
6.6*10-4 

i 8.2*10-4 

18*10-4 

R2 

j 0.983 

0.996 

0.991 

Dissociation (Glucose) 

l560(Final) 

1272 

939 

1265 

k2 

(s-1) 

i 10*10-4 

32*10-4 

7.2*10-4 

R2 

0.982 

0.989 

1 0.984 

Aggregation Model Equation: I560 = IseoCFinal) [1 - exp (-ki t)] 
Dissociation Model Equation: I560 = IseoCFinal) [exp (-k21)] 

As explained earlier, upon addition of glucose the 500 k dextran-coated 
nanogold particles show a cumulative decrease in the absorbance at 650 nm, 
where all systems studied had been preaggregated past there 95 % maximum 
AA650 value. It was found that the effective concentration range for Con A was 
using between 4.40 and 75 |iM. The dissociation of the particles with glucose 
was insignificant when the Con A concentration was lower than « 4.40 [iM, and 
thus the recovery of the signal -AAeso was too small for practical applications. 
Too high a concentration of Con A resulted in the complete aggregation and 
almost flocculation and precipitation of the system, where the amount of 
glucose subsequently used (> 100 mM), was barely enough to cause 
competitive dissociation. Attractive glucose responses were however obtained 
when dextran-coated nanogold was aggregated with between 1 8 - 3 7 |aM Con 
A, Figure 10.15. For the 18.7 |iM Con A system, a most attractive glucose 
dynamic sensing range was observed (1 -> 40 mM), noting that the blood 
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glucose level is 3-8 mM for a healthy person, and increases to between 2 and 40 
mM in diabetics.^^ For tear glucose, these values are typically 10 fold lower, 
ranging from 500 faM to several mM glucose, ^^'^^ well within the sensing 
capabilities of this system. 

Similar responses to glucose were observed when 170 and 64 k 
dextran-coated nanogold were used. Figure 10.16. Again the change in 
absorption was negligible when both low and high concentrations of Con A 
were used. Interestingly the response to glucose saturated again at « 40 mM 
glucose, providing for a useful physiological glucose sensing range. However, 
the response of the 64 k dextran-coated nanogold, aggregated with 37 |LIM Con 
A, reproducibly showed an increase in -AA650 as a function of glucose addition. 
This is a notable, almost linear, glucose response and is thought due to the fact 
that the initial extent of aggregation is smaller for these sensing aggregates, and 
thus the amount of glucose required for dissociation was less, i.e. the 
dissociation was easier. However, the 64 k dextran coated nanoparticles 
typically flocculated and precipitated after 6-8 hrs, where as the 500 k dextran 
coated nanoparticles were observed to be much more stable with time. 

0.20 

40 60 80 

[Glucose] / mM 
100 

Figure 10.15. Cumulative change in absorbance 650 nm for 500 K dextran coated gold 
nanoparticles versus the concentration of glucose. Adapted from reference 34. 

The wavelength ratiometric scattering responses towards glucose for the 
different sensing compositions of nanogold aggregates studied is shown in 
Figure 10.17. In addition, the ratiometric plots were normalized to enable the 
easy visualization of the glucose responses. Nanoaggregates crosslinked with 20 
|LiM Con A showed the greatest glucose response, where the greatest and 
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37.0 îM Con A 
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Figure 10.16. Cumulative change in absorbance 650 nm for (Top) 170 K dextran and (Bottom) 64 
K dextran coated gold nanoparticles versus the concentration of glucose. Adapted from reference 
34. 

smallest amounts of Con A used, produced the smallest responses and therefore 
glucose dynamic sensing ranges. This finding was similar for the absorption 
based glucose measurements previously reported by the authors.̂ "^ It was noted 
that this new approach requires much simpler instrumentation than previously 
reported, and the wavelength ratiometric approach is indeed independent of any 
excitation source fluctuations / drifts and the total nanogold sensing 
concentration used. 
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Figure 10.17 - Normalized ratiometric glucose response for various Con A, dextran-coated 
nanogold systems. Adapted from reference 35. 

The role of reduced gold colloid size, i.e. sensing aggregates derived from 
only 10 nm nanogold was also studied, Figure 10.18. It was found that 500 k 
dextran coated 10 nm nanogold showed slightly greater AA650 values as 
compared to the 20 nm aggregates, where the reduced colloid size is thought to 
reduce the total amount of dextran in the sample, given the same number colloid 
density. While this result suggests the possibility of tunable glucose sensing 
ranges also by using different size, equally coated gold nanoparticles, our 
experience reveals a greater level of complexity when working with the smaller 
nanoparticles. One particular difficulty lies in their separation and recovery by 
centrifligation from the reactants. 
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Figure 10.18 - Normalized Time-dependent scattering intensity of dextran-coated 10 nm gold 
nanoparticles in the presence of glucose and 18.7 |iM Con A. Adapted from reference 33. 
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10.5. CONCLUSIONS AND FUTURE DIRECTIONS 

Changes in absorption and wavelength-ratiometric resonance light 
scattering, induced by changes in nanogold proximity in the presence of 
glucose, has enabled a simple glucose sensing platform to be developed. The 
wavelength-ratiometric approach of the nanogold plasmon scatter is 
independent on the sensing aggregate concentration and fluctuations in the 
intensity of the light source and is therefore superior to the absorption based 
measurements. In addition to wavelength-ratiometric scattering based 
measurements, it shown that scattered intensities at a single wavelength can also 
report glucose concentrations. These intensity changes have been modeled with 
intensity vs. time functions and could also be used for sensing if a stable light 
source is used such as an LED or LD. The "plasmonic approach" to glucose 
sensing is readily able to determine glucose concentrations from several mM up 
to « 60 mM, ideal for physiological blood glucose monitoring where red 
scattering wavelengths (> 600 nm) can be selected to eliminate the absorption 
of hemoglobin, water and melanin for transdermal-type glucose monitoring. 

Over the past few years, the laboratories at University of Maryland and 
University of Maryland Biotechnology Institute have been engaged in 
developing new technologies to non-invasively and continually monitor 
physiological glucose, such as a range of glucose sensing contact lenses.̂ "^ With 
these technologies there is a requirement to both simplify the technology, both 
from diabetic patient read-out and instrumentation perspectives. Incorporating 
the sensing aggregates within contact lenses could allow the simple colorimetric 
determination of tear glucose using ambient light excitation; a patient simply 
looks in a mirror to see the color change and compares with a precalibrated 
color strip. In addition, there has been research towards the development of 
glucose sensing tattoo's based on implantable hydrogel beads."*̂  Given that gold 
and silver colloids are physiologically safe and already used in medicine,"*̂ ""̂ ^ 
and the fact the nanogold aggregates scatter red light, we believe that our 
approach could additionally be used for glucose sensing transdermaly, either for 
implantable sensors or for glucose sensing tattoo's. Further studies by our 
laboratories are underway. 
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OPTICALLY-BASED AFFINITY BIOSENSORS 
FOR GLUCOSE 

Jerome S. Schultz* 

11.1. INTRODUCTION 

The first biosensor was developed by Leland Clark who enhanced his 
oxygen electrode technology (Clark and Lyons, 1962) by interposing another 
membrane bound region between the detector and the sample that contained an 
enzyme (glucose oxidase) to produce the first "biosensor" for glucose. This 
paradigm has been followed for most of the biosensor developments to date. 
Leland Clark has been recently recognized for his breakthrough technology by 
receiving the Russ Prize from the National Academy of Engineering in 2005. A 
brief review of the early research on biosensors was provided by Schultz 
(1991). 

During this same period the first major use of bioreceptors for 
analytical purposes was the development of immunoassays by Berson and 
Yalow (1959). A critical attribute of the use of proteins as analytical reagents is 
the potential specificity of protein activity (whether as a binding agent, e.g. an 
antibody or as a catalyst, e.g. an enzyme). This unique property of these 
proteins allows their use as analytical reagents in complex mixtures. Thus the 
key feature of immunoassays is that specific analytes can be measured in very 
complex milieus such as blood. 

Also she clearly pointed out that the method was not limited to 
antibodies (Nobel Address 1977). 

"The RIA principle is not limited to immune systems but can be extended to 
other systems in which in place of the specific antibody there is a specific 
reactor or binding substance. This might be a specific binding protein in plasma, 
a specific enzyme or a tissue receptor site". 

Yalow recognized that antibody-antigen reactions are reversible as illustrated in 
Figure IL 
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Figure 11.1. Competing reactions that form the basis of radioimmunoassay (RIA) (Yalow, 1977) 

Most of the clinical immunoassay procedures that have been devised 
over the past 50 years were of the form of discrete tests, i.e. a single sample was 
exposed to the test system to obtain a result. After the result is obtained the 
materials are discarded. As there was increased interest in increasing the 
sensitivity of immunoassays, antibodies with very high affinities for the analyte 
of interest were sought, so that the binding between antibody an analyte 
approached irreversibility, i.e. a quick washing step did not dislodge the analyte 
from the antibody. The common perception that evolved, of antibodies having 
high affinities, reduced the appreciation that they could be effectively used as 
the key component of a sensor system that requires reversibility of the binding 
reaction. 

Janata (1975) was one of the first sensor researchers to realize that 
antibody-analyte reactions could be used as the basis for sensor systems. He 
devised an "immunoelectrode" system utilizing Concanavalin A (Con A) as a 
surrogate for an antibody and mannan as a surrogate for an antigen. Con A was 
immobilized to an electrode and the differential potential versus a control 
protein electrode measured as a function of mannan concentration. In this 
device, the primary principle is the change in the electrical properties of the 
bioreceptor upon analyte binding. The property measured was the change in 
potential of the bioreceptor electrode. Although Janata clearly recognized value 
of antibodies as sensor elements he did not report on the reversibility of this 
device. 

Another approach for the use of antibodies as sensor elements was 
described by Aizawa, et al (1976). Following the pattern of Clark's glucose 
electrode, these investigators placed an antibody on the surface of an oxygen 
electrode. In the sample containing the antigen to be measured they placed an 
antigen-analog that was labeled with the enzyme catalase. In this arrangement 
both the antigen and antigen-catalase competed for the surface immobilized 
antibody. The extent of antigen-catalase binding was measured by the addition 
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of hydrogen peroxide that caused oxygen release at the surface of the oxygen 
electrode. 

Although the above examples illustrated the potential use of antibodies 
for the development of detector systems, neither was a true sensor since the 
systems as configured could not be placed in sample environments where the 
analyte concentration was constantly changing. 

However, these two early studies illustrate two general approaches for 
the use of bioreceptors for sensor elements in affinity sensors. Janata's 
immunoelectrode is an example of what I have termed a "direct" method 
(Schultz, 1986). In these situations one measures some attribute of the direct 
interaction of the analyte with the bioreceptor; in this case it was the potential of 
the adsorbed protein on an electrode. Other methods, to be discussed below, 
measure changes in optical properties of the bioreceptor upon analyte binding. 

Aizawa's device falls into the category of an "indirect" or 
"competitive" method that more closely resembles the Yalow and Berson's 
immunoassay methodology. Here the enzyme labeled antigen competes with 
the "analyte" antigen for the binding sites of the selective antibody. To some 
extent this approach is more general in that the signal is generated by the 
modification of the competitive analog-analyte and there are many options to 
devise techniques to obtain high levels of sensitivity. In this report, we will 
focus on optical and particularly fluorescence methods. 

11.2. DEVELOPMENT OF OPTICALLY BASED BIOSENSORS 

In the early 1970s while a faculty member at the University of 
Michigan I was approached by several colleagues in the Medical School to join 
their project to develop and artificial pancreas. At that time insulin infusion 
pumps were being developed and it was clear that the key missing component 
for an artificial pancreas was a reliable implantable glucose sensor. Although 
aware of Clark's glucose electrode, I realized that there were some technical 
issues with this approach - namely that since the system consumed glucose, any 
deposition on the sensor surface would cause variations in the calibration of the 
sensor. So I looked for an approach that was not hampered by diffusional 
aberrations. Immunoassay methods seemed to be a robust technology since 
extent of binding is an equilibrium thermodynamic phenomena rather than a 
kinetic phenomena, as described by Yalow in her Nobel Lecture. 

Yet as mentioned above, all immunoassays were single tests - not 
continuous monitoring devices. At that time I was conducting research on the 
behavior of dialysis/porous membranes as models for understanding the 
mechanism for reduced diffusion rates in tissues (Beck and Schultz, 1970) and 
realized that encapsulating the assay reagents within a dialysis chamber could 
be an approach for adapting many immunoassay techniques to function as 
continuous monitors. Sensors require at least two components: a recognition 
system and a transducer system. Previous to our work, most biosensors utilized 
electrochemical detection methods (as illustrated by the work of Janata and 
Aizawa above). I thought using optical measurement techniques (like 
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fluorescence) might be more suitable for biosensors because of the many optical 
effects that could be harnessed for the transducer feature (fluorescence, optical 
polarization, colorimetry, etc). Fortunately during a visit to Goldstein's 
laboratory at NIH I was introduced to the use of optical fibers for sensors 
(Peterson, et al, 1980) and decided to use this approach for the construction of a 
glucose sensor. 

The first documentation of our approach was in a patent application 
filed in 1978 (Schultz, 1982). The general methodology was named "Affinity 
Sensors" and first illustrated in a publication by Schultz and Sims (1979), 
Figure 11.2. Again, Con A was selected as a specific bioreceptor for glucose 
and the following scheme was proposed. 

To quote from this paper: 

"The sensor element communicates with extemal solutions 
by means of a dialysis membrane. The membrane porosity 
is selected to allow free diffusion of low-molecular-weight 
species and to prevent the leakage of the high-molecular-
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Figure 11.2. Schematic diagram of a fiber-optic affinity sensor for the measurement of glucose 
(not to scale). Increasing the concentration of glucose in the extemal solution increases the 
concentration of glucose in the sensor element. Fluorescent dextran is displaced from the 
immobilized Con-A and a greater emission intensity is measured. (Schultz and Sims, 1979) 
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weight competitive ligand, in this case glucose and FITC-
dextran, respectively. 

The total amount of Con-A and FITC-dextran in the 
element is constant, and the internal concentration of 
glucose will vary according to its concentration in the 
external solution. Thus the following reversible reactors 
take place within the sensor element: 

Glucose+ Con-A ^ ^ Con-A glucose (1) 

• 
FITC-Dextran + Con-A <4 Con-A-FITC-dextran (2) 

When the sensor element is exposed to higher 
concentrations of glucose reaction (1) is displaced to the 
right and reaction (2) is displaced to the left, resulting in an 
increase in free FITC-dextran. This increase provides a 
larger amount of fluorescence in view of the emission 
optical fibers and thus an increase in the output of the 
photodetectors. Conversely, a reduction in external glucose 
concentration results in a decrease in signal." 

Preliminary experiments to demonstrate the efficacy of this approach were 
carried out by using immobilized Con-A on sepharose beads as illustrated in 
Figure 11.3. 

A fixed amount of Con-A and FITC-dextran were mixed with different 
concentrations of glucose and the concentration of FITC-dextran in the 
supernatant measured by fluorescence methods. The middle curve illustrates 
the type of sensor behavior expected for these systems, namely at high analyte 
concentrations the bioreceptor becomes saturated, and thus the sensor system 
becomes insensitive to changes in analyte concentration. The upper curve in the 
figure demonstrates another important property of these bioreceptor based 
systems, namely in the presence of competing analytes (ligands) with higher 
affinity for the bioreactor, the responsiveness of the device towards the analyte 
of interest may be reduced. In this illustrative example the affinity of methyl-
mano-pyranoside is 40 times greater than glucose and completely abolished the 
response to glucose. The lower curve represents the theoretical response if the 
system obeyed the simple stoichiometric equations shown above. But as will be 
discussed further below, since both Con-A and dextran are polyvalent, the 
actual binding behavior can differ significantly from a simple monvalent 
binding curve. 
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Figure 11.3. Displacement of FITC-dextran from Con-A bound to sepharose by increasing 
concentration of glucose. Middle curve - Free FITC-dextran concentration after glucose addition. 
Lower curve - Calculated response based on simple competition between glucose and dextran for 
Con-A sites. Upper curve - Free FITC-dextran concentration after methyl-mannoside addition. 
(Schultz and Sims, 1979). 

Within the category of optical competitive affinity biosensors there are 
two general approaches for measuring the extent of binding of the analog-
analyte (labeled component) to the bioreceptor. In the configuration shown in 
Figure 11.2, a form of spatial separation of the labeled analog-analyte from the 
bioreceptor is used to estimate the extent of binding. In this example Con-A is 
placed out of the field of view of the optical fiber detector. Many other 
configurations can achieve similar results, many of which are described in 
Schultz (1982). 

To summarize, strategies for developing bioreceptor affinity 
biosensors can be categorized as either direct or indirect (i.e. using a 
competitive analog-analyte). In those techniques using a direct approach the 
sensor element can be inserted directly into the sample environment. In 
contrast, in those techniques using a competitive analog-analyte the sensor 
device must be isolated from the sample and communicate with it through a 
selective barrier, like a membrane, to prevent loss of the competitive ligand 
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(usually high molecular weight). Thus these types of sensors are best for 
analytes that are not measurably restricted by the dialysis membrane, i.e. 
molecular with less than 5 kD. 

11.3. COMPETITIVE OPTICAL AFFINITY GLUCOSE BIOSENSORS 

The first demonstration of an optically based glucose biosensor was 
described by Schultz, et al (1982), and Mansouri and Schultz (1984). In this 
first implementation of our biosensor concept we elected to utilize spatial 
separation of the bound and free FITC-dextran (the analog-analyte) for 
monitoring the extent of binding. We took advantage of the effective focusing 
of illumination that occurs in the distal region of an optical fiber, as shown 
schematically by the yellow zone in Figure 11.4. 

Actually light emanating from the distal end of an optical fiber 
diverges according to the numerical aperture of the fiber, but there is an 
effective focusing of the light energy along the central axis because of two 
effects: a) the diverging cone of light from an optical fiber has its highest 
intensity at the central axis and decreases towards the periphery, and b) the 
fraction of light emitted from fluorescent particles within this cone that can 
reenter the fiber decreases substantially off-center and at further distances from 

Figure 11.4. Schematic diagram of a fiber optic glucose sensor based on competitive binding of 
glucose and FITC-dextran for Con-A sites that are immobilized on the interior surface of a hollow 
dialysis fiber, (see the color insert after p. 429.) 
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the fiber face (see Komives and Schultz, 1992). The magnitude of emitted 
fluorescence that is detectable at the front face of an optical fiber levels off at 
about 3 mm of illumination depth. Typical calibration curves for this sensor 
configuration for different sugars are shown in Figure 11.5, and follow a similar 
saturation pattern as found in the preliminary experiments of Schultz and Sims 
(1979)(Figurell.2). 

As mentioned previously, a variety of sugars can bind to Con-A, and if 
a mixture of sugars were present in the sample, then the output of the sensor 
would be difficult to interpret since the one-to-one relationship between 
displaced FITC-dextran and glucose binding would no longer be valid. 
Fortunately, glucose is the only predominant sugar in blood and tissue; thus 
Con-A is satisfactory a bioreceptor for this particular application. 

An in-vivo evaluation of our fiber optic glucose biosensor was 
conducted using the experimental arrangement shown in Figure 11.6. The 
sensor was placed in a vein of the animal, and the animal was injected with 
several boluses of a glucose solution. 
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Figure 11.5. Typical response curves for the fiber-optic affinity sensor. The sensor was placed in 
different sugar solutions with different sugar concentration (Mansouri, 1983). 
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Figure n.6. Experimental setup for measuring blood glucose levels in an animal. The sensor is 
placed in a "t" and venous blood continually withdrawn with a catheter. The animal is injected with 
a bolus of a glucose solution, and then samples removed periodically for glucose analysis, (see the 
color insert after p. 429.) 

Blood samples were withdrawn periodically for conventional glucose 
analysis. As can be seen in Figure 11.7, the sensor response followed the 
changes in blood glucose with a slight lag of about 5 minutes. 

An alternate method for separately viewing the free analog-analyte was 
described and patented by Komives and Schultz (1992). 
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Figure 11.7. Comparison of glucose analyses with the fiber-optic sensor and laboratory clinical 
analyses (Mansouri and Schultz, 1984). Solid line: glucose biosensor, dots: withdrawn samples and 
analyzed by a clinical laboratory. 
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Figure 11.8. Two-compartment sensor capsule. Lower section has the immobilized bioreceptor 
(94), and communicates with external analyte (92) through dialysis membrane (90). Lower section 
is separated from upper viewing chamber by an opaque porous membrane (96). The chamber is 
illuminated by a separated optical system (84) that also measures emitted light from the analog-
analyte (Komives and Schultz, 1992). 

As shown in Figure 11.8, the sensor chamber is composed of two 
compartments, separated by a porous opaque membrane. In this configuration 
the bioreceptor is placed in the lower chamber and most of the analog-analyte 
will be bound here in the absence of the analyte in the external fluid. The 
amount of fluorescence that is obtained from the upper illuminated chamber 
will be minimal under these circumstances. A similar method was described by 
Schultz (2001). 

When the sensor chamber is exposed to analyte, some will diffuse 
through the dialysis membrane on the lower surface, analog-analyte will be 
displaced, diffuse to the upper chamber, and produce a fluorescent signal. 

Experiments on a new concept - that of a freely floating biosensor 
"capsule" that could be placed under the skin - was initiated in my laboratory. 
This is the first time that a biosensor unit was physically separated from the 
detection unit and thus could provide minimum invasiveness for in-vivo 
monitoring. My concept for this type of device is shown in Figure 11.9. 
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Figure 11.9. Concept for a subcutaneous glucose sensor based on an optical readout principle, 
(see the color insert after p. 429.) 
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The idea for a biosensor capsule derives from the earlier work of 
Lubbers who introduced "optode" technology for measuring the oxygen 
concentration in tissues (reviewed in Lubbers 1985). These optodes were 
polymer particles containing a fluorescent dye that exhibited fluorescence 
quenching in the presence of oxygen. Lubbers injected these particles into an 
animal and in surface tissues measured their fluorescence with a 
microscope/spectrofluorimeter apparatus. 

In addition to the scheme of spatial separation for measuring the extent 
of binding, we developed altemative optical approaches to determine the 
fraction of bioreceptor sites occupied by the analog-analyte. The method 
introduced by Meadows and Schultz (1988, 1993) was based on fluorescence 
energy transfer (FRET) phenomena that we adapted from the previous work by 
Ullman, et al (1976) for immunoassays. One example of implementing this 
approach is the prototype glucose biosensor developed by Meadows and 
Schultz (1988) and illustrated in Figure 11.10. 

The components of Rhodamine-labeled Con-A and FITC-dextran are 
placed in a porous dialysis hollow fiber, and sealed in with an optical fiber in 
one end. In the absence of glucose these two components bind to each other, 

X=490nm 
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Figure 11.10. Schematic of homogeneous fiber optic affinity sensor, Meadows and Schultz (1998). 
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Figure 11.11. Fluorescence Energy Transfer method for a glucose biosensor. Symbols: octagon = 
Con-A; circle = FITC-dextran, square = glucose 

and FRET takes place (Figure 11.11 Left). In the presence of glucose, some of 
the Con-A sites are occupied by glucose releasing FITC-dextran resulting in an 
increase in fluorescein fluorescence (Figure 11.11 - Right). 

Here Con-A was labeled with rhodamine and dextran was labeled with 
FITC. One advantage of this method is that the system can be homogeneous, 
thus simplifying biosensor fabrication considerably. A disadvantage of FRET 
methods is that the reduction in signal intensity on binding of the light-energy 
accepting dye is often on the order of 30%-50%. In other words, there is a large 
background signal. 
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Figure 11.12. Typical calibration curves for the FRET based biosensor (Curves for different ratios 
of Rhodamine-Con-A to FITC-dextran, Meadows and Schultz (1993) 
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Since the same chemical reactions (Equations 1 and 2) take place in 
the Meadows-Schultz FRET system, the typical response to glucose 
concentration. Figure 11.12, is similar to those shown previously. 

It is important to point out that the analysis of the response of 
competitive binding biosensors (indirect type) are more complex that the 
Langmuir isotherm binding behavior of the "direct" sensor types, e.g. those 
developed by the Lakowicz group (Gryczynski, 2003). Basically there are four 
degrees of freedom for optimizing the design of these sensor systems in so far 
as their response to analyte concentration, A. These factors are: (a) the binding 
constant for the analyte to the bioreceptor. Kg; (b) the binding constant for the 
analog-analyte to the bioreceptor, Ka ; (c) the total concentration of the 
bioreceptor in the sensor chamber, Rt; and (d) the concentration of the analog-
analyte in the sensor chamber, A*t. 

The primary determining factor for the sensitivity and selectivity of 
these biosensors is the choice of the bioreceptor. Choosing a bioreceptor with 
the appropriate characteristics has the most impact on the performance of the 
biosensor. Key features are (a) an appropriate binding constant for the analyte 
in the expected concentration range for a particular application; (b) the 
selectivity of the bioreceptor for the desired analyte in the sample environment 
where the sensor will be used; and (c) long term stability of the bioreceptor. 

Figure 11.5, above, illustrates the effect of binding constant on the 
sensitivity range of these biosensors to various analytes. In this example the 
analyte (sugar) was changed rather than the bioreceptor (Con-A). But the effect 
of changing binding constant is clearly seen. At the same concentrations of 
Con-A and FITC-dextran, the sensor is about 20 times more sensitive to 
methyl-glucopyranoside than to glucose. 

A simplified model for competitive binding sensors was provided by 
Schultz (1987) based on the simple binding model shown in Equations 1 and 2. 
A graphical portrayal of this model (Figure 11.13) provides some intuitive 
appreciation for the behavior of these systems. One critical characteristic of 
sensor performance is the ratio of the background signal (in the absence of 
analyte) to the maximum signal obtained at high levels of analyte. Since Figure 
11.13 is plotted in dimensionless units, this means that one desires low values 
of the ratio (A*t / Rt ), or in ftinctional terms, the concentration of available 
receptor sites should be much greater than the total concentration of the analog-
analyte. One must balance this choice with the desired operational range for the 
sensor. For example the curve marked 0.01 has the desirable low background 
signal, but at the cost of lower sensitivity in the low concentration ranges of 
analyte. That is, for the range of analyte concentrations from 0 to 20 units, one 
prefers a sensor response that more closely resembles the curve marked 0.1 to 
the curve marked 0.01. 

An example of the effect selecting analog-analytes with different 
affinities (case (b) mentioned above) is shown in Figure 11.14 (Mansouri, 
1983). Here two glucose biopolymers (dextran and glycogen) were separately 
evaluated as the analog-analytes in glucose sensors similar in structure as 



296 J. S. SCHULTZ 

l . U 

0.8 

0.6 

0.4 

0.2 

0.0 

^TtT^ 

/To 

- / 

/ U l 

_j 

IA*1, ^ ^ 

^ ^ - ^ ' " ' ^ 1 

1_ J 1 1 
0 20 40 60 80 100 

['^alA)+ll _ 
r ^ . j ^ • 'Dimensionless analyte concentration' 

Figure 11.13. Dimensionless parametric plot for the response of competitive affinity biosensors to 
analyte concentration (Schultz, 1987). 
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Figure 11.14. Effect of analog-analyte affinity on the response of the glucose biosensor 
(Mansouri, 1983). 

shown in Figure 11.4. In this example glycogen shows a lower background 
signal, but dextran is more sensitive at lower glucose concentrations. 

To further evaluate the effect of analog-analyte molecular weight and 
the degree and polyvalancy on the affinity of the analog-analyte to the 
bioreceptor, Liu and Schultz (1986) studied the binding behavior dinitrophenol 
(DNP) analogs with various DNP antibodies. In these experiments, the 
displacement of radioactively labeled DNP by different analytes was measured. 
Some of the results of this study are shown in Figure 11.15. 
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Figure 11.15. Examples of the effect of polyvalency on the affinity of an analog-analyte for an 
antibody, Liu and Schultz (1986). 

Here it is seen that the effective affinity of the analog-analyte can be 
increase by up to 50 fold by increasing the valance of the analog-analyte from 1 
to 44 DNP residues per molecule of bovine gamma globulin (BGG). Thus the 
range of the biosensor's sensitivity can be broadened by increasing the affinity 
of the analog-analyte for the bioreceptor. But, this extension of range of 
sensitivity may come at some decrease in response kinetics, as the dissociation 
of analog-analyte from the biorecptor is expected to be slower at higher levels 
of polyvalency. 

The range in binding constants that may be available from different 
bioreceptors for the any given analyte is very extensive. For example a 
literature search of antibodies for dinitrophenol (DNP) revealed that antibodies 
have been found with binding constants that range between 10̂  to ^̂  M"̂  
(Schultz, 1987) or 10 million fold, Figure 11.16. Since the "mean" sensitivity 
of a biosensor is in the range 1/Ka, one could possibly construct an antibody 
based biosensor that could measure DNP at concentrations of 10"̂ ^ M. The data 
in Figure 11.16 also shows that when one plots the equilibrium binding constant 
against the dissociation rate constant a surprisingly good inverse correlation is 
obtained. This correlation is evidence that the association rate for these binding 
reactions is fairly constant at 10̂  M"̂  sec"̂  and that the association process is 
primarily diffusion controlled. 

Schultz (1987) showed that the fastest that a sensor can respond to a 
reduction in the analyte concentration is given approximately by the equation 
(where IQ is the dissociation rate constant): 

Tlag = K<i 

Thus for an antibody with a binding constant of about 10̂ ^ M-1, the 
time for half removal of analyte is about 10,000 seconds or about 24 hours. 
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Figure 11.16. Direct correlation of the binding constant of DNP antibodies with the dissociation 
rate of DNP from these antibodies, Schultz (1987). 

It should be pointed out that these results would only be valid for 
systems with simple binding behavior as depicted by equations 1 and 2. 
However, for the glucose sensing systems we developed (and followed by 
others), both the bioreceptor, Con-A, and the analog-analyte (dextran) have 
multiple binding sites per molecule. This changes the analysis dramatically, 
because multiple molecular complexes are possible giving rise to a somewhat 
intractable set of equations to solve. The analysis of multiple binding systems 
also arises in efforts to model the behavior of immune responses and was 
recently reviewed by Whitesides and colleagues where thermodynamic entropy 
concepts have been introduced to explain the behavior of these systems 
(Mammen, et al 1998). Nevertheless, a completely satisfactory predictive 
theory for poly valency systems has yet to be formulated. 

More recently combinatorial methods and site directed mutagenesis 
methods have been used to develop bioreceptors with a wide range of affinities 
for ligands of interest (Hellinga and Martin, 1998, Dwyer and Hellinga, 2004). 
Fehr et al (2003) have genetically engineered the maltose binding protein from 
E. coli, to produce bioreceptors for glucose with a wide range of affinity 
constants. 

11.4. DYNAMICS OF AFFINITY BIOSENSORS 

Factors that affect the response rate of these sensor systems are: a) 
diffusion rate of the analyte into or out of the sensor, b) the rate of reactions of 
the competing ligands for the receptor binding sites, and c) the diffusion rate of 
the analog-analyte (dextran) within the sensor chamber. Since the time constant 
for the reaction rate of glucose and Con-A is on the order of milliseconds, it was 
suggested that diffusional processes are responsible for the longer response 
times observed. 

A thorough analysis of these factors (diffusion, reaction rates, and 
polyvalency) as related to sensor performances has not been achieved. Some 
attempts at a comprehensive analysis have been undertaken, for example Clark, 
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et. al (1999) modeled the Mansouri-Schultz sensor assuming that the reactions 
were at equilibrium. However, one can get an approximate estimate of 
diffusional resistance of the dialysis membrane by this simple formula: 

Response time = 0.1 D / L^ 

Where D = diffusion coefficient for analyte in the membrane (cm^/sec), and L = 
membrane thickness (cm.) 

11.5. RECENT DEVELOPMENTS IN AFFINITY BASED GLUCOSE 
BIOSENSOR SYSTEMS 

The use of FRET methods for optical biosensors as introduced by 
Meadows and Schultz (1988) requires the labeling of the bioreceptor with either 
a dye or a fluorophore to interact with the fluorophore labeled analog-analyte. 
An alternative strategy devised by Ballerstadt and Schultz (1997, 1998) is to use 
two variants of the analog-analyte each labeled with a different fluorophore that 
comprise a FRET pair. Then the polyvalent biorecptor acts as a bridge to bring 
the two types of analog-analyte in close proximity to exhibit FRET behavior. 
This method bypasses the necessity to chemically modify the biorecptor, i.e. 
add a fluorophore. Many bioreceptors are already multivalent, e.g. antibodies, 
or can be made polyvalent by cross-linking them. 

CNttinet of fliii>rociirom«*ial)tl«d polym^n 

protein (R} 

Ffuom$c0no0 « Low 

Ffiiomscenc0 » High 

Figure 11.17. Illustration of the fiinction of the homogeneous fluorescence affinity assay. The 
fluorescence decreases when both fluoroscein and rhodamine labeled complexes with the 
bioreceptor are formed. In the presence of the analyte, polymer complexes undergo disscociation 
and fluorescence increases (Ballerstadt and Schultz, 1997). 



300 J. S. SCHULTZ 

Glucose (mmol/L) 

Figure 11.18. Plot of the glucose-induced fluorescence change vs. glucose concentration for two 
different fluorochrome-labeled dextran preparations. Curve - 1 FITC-dextran and RITC-dextran. 
Curve 2 - mannose grafted FITC and RITC-labeled dextran (Ballerstadt and Schultz, 1997). 

The concept is illustrated in Figure 11.17, and typical calibration 
curves are shown in Figure 11.18. An additional advantage of this method is 
that the two analog-analytes can be selected with different binding affinities that 
then provide another degree of freedom to obtain a calibration curve with the 
desired characteristics. 

A disadvantage of this approach is that the signal strength will be 
somewhat lower than the Meadows-Schultz procedure. Since there are other 
combinations of binding complexes that do not exhibit FRET (e.g. if two 
analog-analyte molecules with the same fluorphore bind simultaneously). 

Since our group has been interested in developing an analytical 
platform that could be used for many biochemicals, we continue to pursue 
affinity-binding approaches. Inherently, this technology requires the placement 
of the detecting element in contact with body fluids, and thus is invasive to 
some extent. To minimize the invasiveness of our method, we introduced the 
concept of packaging the detector elements in a minute porous capsule that 
could be placed under the skin, just below the epidermis as mentioned above 
(Komives and Schultz, 1992). Under these circumstances the fluorescent 
components in the detector capsule can be illuminated by a light of appropriate 
wavelengths and the emitted light measured externally as shown in Figure 11.8. 

We initiated an evaluation of this concept by making a prototype 
implantable sensor using the FRET method introduced by Meadows and 
Schultz. A study of this new concept was undertaken in our laboratory by Anne 
Brumfield using the apparatus shown in Figure 11.19. Some early results of 
this investigation were reported at the Biosensor Meeting in Berlin (Brumfield, 
etal, 1998). 
The response of the device to increasing steps in glucose concentration pumped 
past the sensor capsule is shown in Figure 11.20. 
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Figure 11.19, Apparatus for evaluation of sensor capsules designs for subcutaneous implantation. 

Figure 11.20. Response of glucose biosensor capsules to changes in glucose concentration in the 
external fluid. 

In this type of configuration, where both the illumination of the 
capsule and emitted light from the capsule is scattered by the heterogeneous 
structure of skin, it requires a robust calibration technique to compensate for 
these and other variables from one sampling period to another. 

Our method of providing compensation was to introduce an inert 
fluorescent dye with a different excitation spectrum into the capsule as an 
internal control. The data in Figure 11.20 shows that this method can be 
successful. Figure 11.20 (left) shows typical calibration curves for the sensor 
measured with the fiber optics placed at 2, 3, and 4 mm from the capsule. As 



302 J. S. SCHULTZ 

Gucose Calibration 

0 5 10 15 20 25 

Quoose Concentration mg% 

OtinTBCtedGkcosBOafcraiion 

5 10 15 20 

GhlXBOObiUAlkdkibll^^f^ 

Figure 11.21. Method for compensating for variations in light intensity for subcutaneous sensors. 
Left panel - Fluorescence intensity measured at various distances between sensor capsule and light 
detector (emission at 520 nm). Right panel - Compensation obtained by using an inert fluorophore 
that emits light at 420 nm. Plotted is the ratio of intensities measured at 520 to that at 420 
(Brumfield, et al, 1998). 

expected the capture of emitted light decreases as the distance between the 
sensor and fiber optic unit increases. We also measured the emission of light 
from our control dye at the same time, and when we calculated the ratio of 
emission of the two fluorophores, the three curves collapsed into one curve 
(Figure 11.20, right). All aspects of our concept for a "minimally-invasive" 
glucose biosensor including the ratiometric approach was taken by the group at 
BioTex and it was verified that our technology provided stable glucose readings 
for up to six months (Ballerstadt, et al, 2004a). 

As an alternate to intensity measurement methods, fluorescence 
lifetime measurement techniques should be able to circumvent the scattering 
issue, Lakowicz and Maliwal, 1993. 

With these promising results in hand, we continued our efforts to 
improve the response of the sensor beyond that achievable by FRET techniques. 
We returned to our original approach of spatially separating the bound and free 
form of one of the reactants. The strategy we took was similar in principle to 
the arrangement published by Schultz and Sims (1997). In our new method, 
Ballerstadt and Schultz (2000), the beads are infiltrated with dyes that absorb at 
the wavelengths of excitation light and also the emitted light from the 
fluorphores, Figure 11.22. 
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Figure n.22. Microsphere glucose biosensor. In this configuration, the analog-analyte is a porous 
Sephadex bead (a polymer containing pendant glucose residues). The beads are colored with dyes 
that prevent the excitation light from penetrating into them and another dye that blocks emission 
from fluorochrome-labeled Con-A in the interior of the bead. (Ballerstadt and Schultz, 2000). (see 
the color insert after p. 429.) 

In this example the biorecptor ConA is labeled with the fluorophore. 
In order to evaluate the performance of this method the beads, approximately 40 
microns in diameter, are placed within a dialysis fiber to retain the Con-A. 
However, the system can be miniaturized even further by encapsulating 
individual beads within a porous membrane. Typically response of this device 
to changes in glucose concentration is on the order of 1 minute. Figure 11.23. 
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Figure 11.23. The time response of a hollow fiber sensor filled with colored Sephadex G200 beads. 
Arrows indicate a change in external glucose concentration. The inset shows a calibration curve. 
(Ballerstadt and Schultz, 2000). 
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Figure 11.24. Response of the bead glucose biosensor to hypoglycemic levels of glucose. 
(Ballerstadt and Schultz, 2000). 

By appropriately selecting the concentration of Con-A we were able to 
achieve excellent sensitivity in the hypoglycemic range of 1-3 mM, Figure 
11.24. 

11.6. INTEGRAL BIOSENSOR PROTEINS 

Throughout our studies to develop various biosensor modalities, we 
were aware that one of the limitations of the competitive analog-analyte 
approach was the need to encapsulate the device within a porous chamber to 
prevent loss of the analog-analyte. This is particularly a problem if one desires 
to measure the glucose concentration within cells. To fulfill this need we 
initiated a program to develop a protein that had an integral reporter function for 
monitoring glucose binding, i.e. a "direct" approach. This approach utilizing 
FRET had been previously demonstrated for monitoring calcium intracellularly 
by Roger Tsien (Miyawaki and Tsien, 2000). 

The structure of the protein that was engineered for this purpose is 
shown in Figure 11.25 (Ye and Schultz, 2003, Ye,et al 2004). There is an 
allosteric change in the protein structure when glucose binds, bringing the two 
green fluorescent proteins (GFP and YFP) in close proximity and allowing 
FRET to occur. Thus one mode of monitoring glucose concentration is to 
excite the GFP moiety with light at 395 nm and to monitor the emission fi'om 
YFP at 527 nm. In order to evaluate the kinetics of the reversibility of glucose 
binding, the protein was placed within a dialysis fiber and exposed to solutions 
of different glucose concentrations. The response time was on the order of 5 
minutes that was due primarily to the diffusion resistance of the dialysis 
membrane. 
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Figure 11.25. Integral biosensing protein for glucose constructed from an E. coli glucose binding 
protein. 

This type of sensor protein opens many new opportunities for glucose 
sensing as shown in Figure 11.26. It can be expressed in cells to monitor 
intracellular variations in glucose concentration, it can be immobilized by 
various techniques and placed in various sample environments, or it can be 
placed within a porous membrane capsule to protect the protein from enzyme 
degradation while permitting exposure to analytes. 

Fehr et al (2002) has shown. Figure 11.27, that this protein when 
expressed in yeast provides a measure on internal maltose concentration. Fehr 
et al (2003) also engineered a glucose sensitive protein and expressed it in 
mammalian cells. 

11.7. ENHANCEMENTS OF OPTICAL GLUCOSE BIONSENSORS 
BASED ON AFFINITY PRINCIPLES 

Over the last few decades an impressive array of techniques for 
producing biosensors based on our optical monitoring methods have been 

Intracellular Biosensor 

Encapsulated Biosensor 

Surface Bound Biosensor 

K^W 
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Figure 11.26. Various applications for integral biosensing proteins. 
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Figure 11.27. Confocal imaging of integral sensing protein in a yeast cell. No sugar is present in 
the vacuole (V). (Fehr, et al, 2002) 

developed. Each of these techniques has its own favorable characteristics as 
well as some limitations. 

Russell, et al (1999) showed that the FRET methodology of Meadows 
and Schultz also works in by immobilizing the reagents in hydrogels, although 
the response time is extended in this format. A patent on this method was 
issued to Cote et al (2002). In another alternative, Medintz et al (1999) 
developed a tethering technique for immobilizing the bioreceptor and analog-
analyte for a FRET based sensor. Chinnayelka and McShane (2004b) have 
shown that the dimensions of the Meadows-Schultz FRET-type sensor can be 
reduced by encapsulating the reagents in microshells. 

Lakowicz and Pickup (Lakowicz, 1993, Tolosa, 1997a, 1997b, 
McCartney 2001) have shown that phase-modulation fluorometry is a powerful 
method for quantitating FRET type sensor devices as those developed by 
Meadows and Schultz. In a number of papers by Pickup and Rolinski (Pickup, 
2001; Rolinski, 1999, 2000, 2001) a comprehensive theoretical analysis of the 
molecular spatial aspects of FRET systems so as to optimize the response of 
these systems as biosensors has been presented. 

Asian and coworkers (2004a and 2004b) have demonstrated that gold 
particles that display surface plasmon resonance behavior can be utilized to 
monitor the association between the analog-analyte and bioreceptor as an 
alternative to the FRET methods of Meadows and Schultz. Reversibility has 
not yet been evaluated. 

While at Motorola, Ballerstadt, et al (2004) implemented the 
methodology developed in my laboratory at Pittsburgh (Ballerstadt and Schultz, 
2000) and showed the system can be used for several months. 
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Blagoi, et al (2005), have extended the FRET proximity methodology 
of Ballerstadt and Schultz (1997) for detection of carbohydrates and 
glycoproteins. 

Burke, et al (2000) noted that one method for increasing the binding 
affinity of a bioreceptor such as Con-A for ligands to achieve higher sensitivity 
is to create multivalent ligands by a reversible cross-linking agent. 

Chen and Hsu (1996) have extended the modeling of affinity 
biosensors previously presented by Schultz (1986). Kermis et al (2003) have 
investigated the use of HEMA membranes for affinity biosensor applications. 

Chinnayelka and McShane (2004a,b) and Scognamiglio et al (2004) 
have shown that apo-enzymes can also be used as bioreceptors for affinity-
based sensors. 

Ge et al (2004) developed alternative fluorophores for the integral 
biosensor protein introduced by Fehr and Ye. While Hellinga (1999) has 
generated protein engineering techniques to produce internal FRET bioreceptors 
for biosensors. 

Meledeo et al (2002) extended the studies of Mansouri (1983) on the 
effects of pH and temperature on the behavior of affinity biosensors. 

11.8. CONCLUSION 

Now the performance behavior of these various techniques is 
understood well enough that the appropriate choice for a specific application 
can be rationally determined. 
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RECENT CHEMILUMINESCENCE 
APPLICATIOINS FOR GLUCOSE SENSING 

S. H. Lee* and M. M. Karim 

12.1. INTRODUCTION 

Carbohydrates constitute one of the three major chemical compound 
classes that are ingredients of nutrient products; they play a very important role 
in the life cycle and form the base of many foodstuffs (Evmiridis et al., 1999). 
The quality and the caloric value of many foodstuffs and diet products are partly 
dependent on the quantity and type of their carbohydrate content. In contrast, 
the presence of excess of sugar in the blood gives evidence of serious 
malfunction of the human organism (Evmiridis et al., 1999). 

The determination of glucose content in human blood is an important 
analysis for the diagnosis and effective treatment of diabetes. Therefore, a large 
number of efforts have been concentrated to develop effective diagnostic tools 
for the benefit of diabetic patients in recent years (Lv et al., 2003). 
Conventional methods for the determination of carbohydrates are described in 
various textbooks (Horwitz, 1975; Heldrich, 1990; Watson, 1994; Egan, 1981; Hart, 1971) 

The gravimetric method using Fehling's reagent or the titrimetric using iodine 
solution are the most common in carbohydrate analysis (Evmiridis et al., 1999). 
However, they lack selectivity and sensitivity and in most cases are time 
consuming. CL analysis promises high sensitivity with simple instruments and 
does not need any light source, so CL have been one of attractive detection 
methods in recent years Otherwise, many flow chemical sensors and flow 
biological sensors which employed CL reagents in immobilized or solid-state 
format, have been developed. Those sensors had some advantages of simplicity 
of apparatus, little reagent consumption, and high sensitivities. In this chapter, 
the developments in glucose sensing by chemiluminogenic methods in the form 
of chemical sensors, application of capillary electrophoresis using CL detection 
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technique and most recent technological approaches for determination of 
glucose are discussed. 

12.2. CHEMILUMINESCENCE FOR THE DETERMINATION OF 
GLUCOSE 

The chemiluminescence reaction of luminol with oxidizing agents was first 
reported in 1928 by Albrecht. Since that time the reaction has been used mostly 
to determine hydrogen peroxide, other oxidants and metal ions such as Cr(III), 
Cu(II), Fe(II), Fe(III), Ni(II), etc. Recently, several reviews have been reported 
on the application of chemiluminescence in chemical analysis (Robards and 
worsfold, 1992; Lewis et al., 1993; Rongen et al., 1994; Kricka, 1995; Bowie et 
al., 1996) In these reviews, the determination of reducing agents such as 
glucose using luminol is based on the measurement of the hydrogen peroxide 
produced by oxidizing enzymes when converting these reducing agents. 
Chemiluminescence is produced on oxidation of carbohydrates by acidic 
potassium permanganate in the presence of Mn". Glucose, galactose, fructose, 
arabinose ,xylose, lactose , sucrose and sugar all have been detected over the 
linear range 10^ to 10"̂  mol dm~̂  (Agater et al , 1996). 

Periodate oxidation is somewhat selective for carbohydrate compounds and 
can be applied for the determination of multicomponent samples (Malaprade, 
1928; Pigman, 1956; Percival, 1962; Sklarz, 1967). In addition, the 
chemiluminescence (CL) emission detection method, apart from being 
selective, is very sensitive and extremely sensitive with existing photomultiplier 
technology (Robards and worsfold, 1992; Bowie et al., 1996; Townshend, 
1995; Townshend and Wheatley, 1998; Babko et al., 1966; Chappelle and 
PicoUo, 1975; Seitz et al., 1973; Kricka et al., 1983). The periodate oxidation 
method combining with CL detection has added advantages of relatively high 
sensitivity and increased selectivity. A kinetic method reported (Evmiridis et 
al., 1999) for the determination of glucose and fructose in mixtures is based on 
initial rate measurements and the overall rate constant of their oxidation by 
periodate using CL detection. The method is designed to determine hexose 
contents as low as 200 mg. However, the method can be tailored for even lower 
amounts (10 times less). When the total hexose concentration is known, the 
individual fructose and glucose content can be determined from the rate 
constant that best-fits the kinetic data; the relative standard deviation of three 
independent kinetic experiments with the same ratio of concentrations was 
found to be within 2% and the standard error of the rate constant from the 
fitting treatment was found to be less than 10% in all samples of different 
concentration ratios between glucose and fructose. 

Hydrogen peroxide (H2O2) and potassium periodate (KIO4) are two kinds 
of oxidants normally used to oxidize luminol (5-amino-2,3-dihydro-l,4-
phthalazine dione) in a aqueous alkali solution to give a characteristic blue 
luminescence. Unfortunately, H2O2 suffers instability for operation in flow 
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injection analysis (FIA) systems. KIO4 is very stable, a low baseline with a 
narrow signal peak can be obtained. In addition, it does not generate bubbles in 
the tubes of the FIA system. From these reasons, luminol-KI04 
chemiluminescence (CL) system has attracted more attention recently and is of 
analytical interest for the determination of inorganic and organic species. A 
chemiluminescence (CL) system for the determination of hydrogen peroxide, 
glucose and ascorbic acid developed (Yanxiu et al., 1999) was based on 
hydrogen peroxide, which has a catalytic-cooxidative effect on the oxidation of 
luminol by KIO4. The CL was linearly correlated with glucose concentration of 
0.6-110 mg ml"^ The relative standard deviation was 2.1% for 10 mg ml"̂  (Â  
=11). Detection limit of glucose was 0.08 mg m\'\ The results obtained 
demonstrated the feasibility of using luminol-KI04-H202 CL system for the 
rapid, simple and sensitive detection of H2O2, glucose and AA with advantage 
of good reproducibility by a very small amount of sample. A unique feature of 
the method was that this CL system provided a low baseline. 

12.3. CHEMILUMINOGENIC BIOSENSOR 

More recently, the development of the immobilization techniques has 
provided the introduction of enzyme reactors, which can be positioned before 
the CL reaction takes place thus avoiding the lack of selectivity that may occur 
when a given CL reagent yields emission for a variety of compounds. In this 
alternative, the analyte is the substrate of the enzymatic reaction and one of the 
products will sensitively participate in the CL reaction. Substrates detected in 
this way include glucose, cholesterol, choline, uric acid, amino acids, aldehydes 
and lactate which generate H2O2 when flowing through a selective column 
reactor with immobilized oxidase enzymes in the presence of the necessary 

25fllllCI04 9.0f H ] 
2S-H m f tiueiit 
H ml IPIC i% 

Figure 12.1. Apparatus layout. PP = peristaltic pump; V= six port valve; C= snailshell-like cell; 
W=waste; PMT= photomultiplier tube; PS = power supply; R= recorder; S1 = buffer carrier stream 
(1.4 ml min-1); S2 = reagent stream in buffer solution (1.4 ml min-^). 
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oxidant, usually O2, present in the samples. Luminol in the presence of a 
peroxidase catalyst is the best system so far for this post-column H2O2 
determination. Figure 12.2 shows a typical manifold for glucose determination 
based on the CL emission produced when hydrogen peroxide formed by 
immobilized glucose oxidase reacts with luminol in the presence of potasium 
hexacyanoferrate (III) (Calokerinos et a l , 1995). 

Enzyme catalyzes the following reactions: 

p - D - g l u c o s e + 0-> + H-^0 
GOD 

•> D- gluconic acid 4- H^O^ 

D-glucose +0-> '^ '̂  S D-glucosone -h H ^ O ^ 

Glucose 
1 

ml/min | 

Buffer 

Pe(CN)J^ 

Luminol 

1.5 

1.5 

1.5 

^ 

„^ 1 1— 

hXh 
0 0 0 

" i 1 X 
Enzymatic \ ^ 
Reactor 

_ _ : > 

"~i 

Detector 

Figure 12.2. Schematic diagram for a FIA manifold for the analysis of glucose incorporating an 
enzymatic reactor with detection based on the luminol reaction. 

PyrOD oxidizes the -a and - p anomers of D- glucose to the same 
extent and shows excellent stability. Using the luminol reaction, glucose can be 
determined sensitively by immobilization of pyranose oxidase on toresylate-
hydrophilic vinyl polymer beads and packed into transparent PTFE tube. The 
detection limit was 3 nM and the stability of the chemiluminometric peroxidase 
sensor was 30 days. The method (Nobutoshi et al., 1997) allows the determination 
of glucose in plasma without any pretreatment procedure, except for dilution. 

A optical sensor was prepared ( Li et al., 2004) by entrapping glucose 
oxidase into TEOS - based sol- gel column. The silica sol- gel film was coated 
on alumina substrate. The optical sensor was based on the chemiluminescence 
intensity from the periodate and hydrogen peroxide in K2CO3 in medium and 
reported the performance as glucose sensing elements. The detection limit and 
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the stability reported were 4.0 x 10"̂  M and 3 months respectively. Figure 12.3 
shows the flow CL sensing system of the above mentioned method. 

A CL flow system combining was developed ( Li et al., 2001)with 
microdialysis ( MD) sampling presented to in vivo on-line monitoring of 
glucose in awake rabbit. The sol-gel method, which is very efficient for 
retaining the activity of HRP and is considered to be the best way of 
immobilizing GOD is introduced to co-immobilize HRP and GOD on the 
inside surface of the CL flow cell. The CL detection involved enzymatic 
oxidation of glucose to d-gluconic acid and H2O2, then H2O2 oxidizing luminol 
to produce CL in presence of HRP. The stability of the immobilized enzyme 
reactor was performed under in vitro conditions by repetitive injection of 
0.4mM glucose standard solution for 4 h at a frequency of 10 h -1 , using both a 
new reactor and one already used for 40 h. The leaking rate of HRP and GOD 
from the sol-gel membrane affects the stability of the enzyme reactor. The CL 
intensity of the newly prepared sol-gel membrane was compared with that of 
same membrane already used for 40 h, and no obvious decrease of the signal 
(about decreased by 10%) was observed because of large quantities of hydroxyl 
group in the sol-gel hybrid material capable of forming strong hydrogen bonds, 
which are favorable to prevent the enzyme from leaking out of the membrane. 

Another flow-injection analysis detection method for glucose is based on 
oxidation of glucose by glucise dehydrogenase with concomitant conversion of 
NAD^ to NADH followed by chemiluminescent detection of NADH (Martin 
and Nieman, 1993). In this method glucose dehydrogenase is immobilized via 

R2 

FC w 

Figure 12.3. Schematic diagram of a flow sensor for chemiluminescent determination of 
glucose in aqueous medium: R l , water; R2, KIO4 + buffer solution; PI and P2, peristaltic 
pump; ER, enzyme reactor; TB, thermal box; FC, flow cell; D, detector; W, waste. 
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glutaraldehyde crosslinking to controlled pore glass to form an immobilized 
enzyme reactor. The chemiluminescent reagent, tris(2,2-bipyridyl)ruthenium(II) 
[Ru(bpy)^^3] is immobilized in a Nafion film coated on a platinum 
electrode to form a regenerable chemiluminescent sensor. The 
immobilized Ru(bpy)^^3 is oxidized to Ru(bpy)^^3 which then reacts with 
NADH produced by the enzyme reactor to yield light and Ru(bpy)^^3. 
Ru(bpy)^^3 is thus recycled and made available again as shown in figure 12.4. 
Conditions for optimum enzyme reactor efficiency and chemiluminescent 
detection are determined and reported for pH (about 6.5), flow-rate (2 ml 
min~^), and NAD^ concentration (1-2.5 mM). At the optimum conditions a 
working curve is constructed where the upper limit for glucose detection is 
dependant on NAD^ concentration and lower detection limit is 10 /^M glucose. 
Signal reproducibility is 1-2% relative standard deviation. The method is very 
selective for glucose; some interference is seen from uric acid, ascorbic acid and 
catechol as well as species (such as oxalate and aliphatic amines) already 
known to chemiluminesce with the Ru(bpy)^^3 sensor. 

Coimmobilization of glucose oxidase (GOD) and hematin (a catalyst) in 
carbon paste has several advantages. First, this method is very simple. Second, 
it is a bulk immobilization method, enzymes and other additives can be 
coimmobilized, and a new and fully active surface can be obtained by simple 
polishing or cutting in the case of fouling or deactivation. Third, many enzymes 
are very stable in carbon paste (Wang et al., 1997 ). Fourth, relatively strong 
intensity can be obtained by coimmobilizing enzyme and catalyst in CPE, since 
the catalyst, luminol, and hydrogen peroxide produced are mixed 
simultaneously and homogeneously on the surface of the carbon paste surface. 

Ru(bpy)3 2-*- LIGHT 

Ru(bpy)3 2+* 

Ru(bpy)3 

NAD* V Substrate 

IDH 

NADH Product 

Figure 12.4. Reaction scheme for the coupling dehydrogenase ( D H ) enzyme selectivity to 
Ru(bpy)'*3 ECL. 



CL FOR GLUCOSE SENSING 317 

Finally, it is a surface chemiluminescence analysis and thus ensures the 
conservation of reagent and a small volume of sample. 

The method is based on the oxidation of glucose by glucose oxidase 
followed by chemiluminescent detection of hydrogen peroxide (Xu et al, 1999 ). 
Both glucose oxidase and hematin, a chemiluminescent reaction catalyst, were 
bulk-immobilized conveniently by direct mixing with carbon paste. Luminol in 
reagent solution passed through the flow cell and reacted with hydrogen 
peroxide produced by the enzyme reactor in the presence of the catalyst to yield 
light. An applied potential of 20.4 V avoided the electrode fouling effectively. 
Emitted light intensity vs glucose concentration was linear over the range of 1-
100 mmol L'̂  with a correlation coefficient of 0.992. 

12.4. CAPILLARY ELECTROPHORESIS FOR GLUCOSE 
DETERMINATION 

Capillary electrophoresis (CE) is one of most powerful techniques for 
carbohydrate analysis because it is highly efficient, high speedy and consumes 
nano liter sample . However, the poor chromophore properties of carbohydrate 
and the low detection length of the capillary present significant challenges to 
carbohydrate detection. 

Incorporation of a UV-absorbing or fluorescing group into carbohydrate 
molecules by a labeling process is the most commonly used means to improve 
sensitivity for CE. However, conventional UV absorption detection produces 
poor concentration detection limits, which hindered the use of CE in the 
analysis of trace carbohydrates. Laser-induced fluorescence (LIF) detection has 
thus been developed and shown to be a powerful detection approach for trace 
components, but costly apparatus limited its wide utilization. 

Chemiluminescence (CL) detection has been proven to be another sensitive 
detection method for CE. It features a simple, cheap optical system and an 
excellent sensitivity comparable to LIF. A method ( Wang et al., 2003 ) based 
on pre-capillary derivatization with luminol (3-aminophthalhydrazide) was used 
for carbohydrate analysis using capillary electrophoresis with on-line 
chemiluminescence (CL) detection. The derivatives of seven monosaccharides 
were separated and detected by using 200 mM borate buffer containing 100 mM 
hydrogen peroxide at pH 10.0 as separation electrolyte and 25 mM 
hexacyanoferrate in 3 M sodium hydroxide solution as post-capillary 
chemiluminescence reagent with separation efficiencies ranging from 160,000 
to 231,000 plates per metre. This type of separation is much better than those 
obtained in most post-capillary CL detections. The minimum amount of 
carbohydrate derivatized was 2 pmo(corresponding to the concentration of 2 
mM). The method also provided a linear response for glucose in the 
concentration range of 0.1-250 mM with a mass detection limit of 420 amol or 
a concentration detection limit of 0.1 mM. Figure 12.5 shows the schematic 
diagram of a CE- CL system. 
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Figure 12.5. Schematic diagram of CE-CL 

Recently, electrogenerated Ru(bpy)3^^-based ECL detection has been 
applied to CE and shown to be compatible with the nanoliter elution volumes 
characteristics of CE. Beside the advantage of using more times, ECL provides 
an extremely sensitive means of detection because of photons emitted from an 
ECL reaction at the surface of electrode. 

The potential of CE coupled to Ru(bpy)3^^ ECL method was investigated to 
rapidly determine monosaccharides with low detection limits (Li, 2004). For the 
analysis of monosaccharides, the analytes were derivatized to tertiary amines 
prior to CE separation. Cyclic voltammogram of Ru(bpy)3^^ obtained using a Pt 
electrode as working electrode in presence of ruthenium complex in borate 
buffer solution for optimal electrolyzing potential of Ru(bpy)3^^ was Epa = 1.26 
V (vs. Ag/AgCl) (Fig. 6). In this system, Ru(bpy)3^^ was continuously in situ 
generated without the need of frequent replacing. The derivatization reaction for 
glucose takes about 30 min at room temperature when 2-
diethylaminoethanethiol was used for derivatization reagent. The mole ratio of 
10 is needed for 2-diethylaminoethanethiol and trifluoroacetic acid to obtain 
maximum ECL intensity. Under the optimum conditions (pH, 8.3; concentration 
of acetonitrile in 30 mM borate separation buffer solution, 20 %; concentration 
of Ru(bpy)3^^ in 200 mM borate buffer solution, 5.0 mM) a linear calibration 
range from 1.0 x 10'̂  to 1.0 x 10"̂  M (R=0.999) and detection limit of 6.0x10"^ 
M (S/N=3) were obtained for glucose. This system was successfully applied to 
the determination of monosaccharides in angelica. Figure 12.7 shows the 
schematic diagram of a CE- CL system. 



CL FOR GLUCOSE SENSING 319 

c 
P -5.0x10 
3 

o 

-1.0x10* 

1.5 1.0 0.5 

Applied potential {V) 

Figure 12.6. Cyclic voltammogram of 100 mM borate buffer solution containing 1.0 mM 
Ru(bpy)3^^; pH 8.0; scan rate 100 mV/s. 
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Figure 12.7. Block diagram of capillary electrophoresis. 1, high voltage supply; 2, gas tank; 3, gas 
regulator; 4, gas valve; 5, timer; 6, PE tube; 7, Pt electrode; 8, injection tee; 9, holder; 10, safety 
switch; 11, capillary; 12, blocking box; 13, FXX cell; 14, electrochemical analyzer; 15, interface. 

12.5. GLUCOSE SENSING: RECENT APPROACHES FOR CLINICAL 
USE IN DIABETES CARE 

Glucose monitoring is an essential component of modem diabetes 
management. Three in vivo glucose sensors are now available for clinical use: a 
subcutaneously implanted needle- type amperometric enzyme electrode coupled 
to a portable logger, the data from which can be down-loaded to a portable 
computer after up to 3 days sensing (Mastrototaro, 200) The sensor is based on 
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the long-established technology of glucose oxidase immobilized at a positively 
charged base electrode, with electrochemical detection of hydrogen peroxide 
production; a reverse iontophoresis system whereby a small current passed 
between two skinsurface electrodes draws ions and (by electro-endosmosis) 
glucose-containing interstitial fluid to the surface and into hydrogel pads 
incorporating a glucose oxidase biosensor (Tamada et al., 1995; Garg et al., 
1999) Readings in the latest version are taken every 10 min, with a single 
capillary blood calibration. There is a real-time read out of blood glucose levels 
as well as the facility to download data to a computer for later analysis. There is 
generally a good correlation between blood glucose and GlucoWatch readings 
and the third commercial technology in current clinical use, the GlucoDay 
(Menarini Diagnostics) is based on microdialysis (Maran et al., 2002). Here, a 
fme, hollow dialysis fibre is implanted in the subcutaneous tissue and perfused 
with isotonic fluid. Glucose from the tissue diffuses into the fibre and is 
pumped outside the body for measurement by a glucose oxidase-based 
electrochemical sensor. Initial reports show good agreement between sensor and 
blood glucose readings, and good stability with a one-point calibration over one 
day. More trials are necessary to assess its clinical potential. Microdialysis is 
also being developed for clinical use by other companies such as Roche 
(Jungheim et al., 2001) . Though there have been clear difficulties with these 
first generation in vivo glucose sensors, subsequent improved versions will 
almost certainly appear. Several benefits include the detection of hypo- and 
hyperglycaemia that has been missed by conventional testing, an important 
educational role in demonstrating the glycaemic effect of snacks and meals of 
different composition which can teach dietary modulation, as well as 
reassurance and a greater feeling of well-being that continuous sensing data 
offers to a patient. 

Another approach to studying the fluorescence energy transfer (FRET), 
which is used for assaying glucose where concanavalin A is labeled with the 
highly NIR-fluorescent protein allophycocyanin as donor and dextran labelled 
with malachite green as the acceptor (Rolinski et al., 2000; McCartney et al., 
2001; Pickup et al., 2004). Competitive displacement of the dextran from 
binding to the lectin occurs when there is increasing glucose concentrations and 
leads to a reduction in FRET, measured as either intensity or lifetime (time-
correlated single-photon counting). 

Although Gluco- Watch approved by the FDA in 2001 is the first step 
towards the continuous and noninvasive monitoring of physiological glucose 
other emerging technologies include glucose-monitoring skin patches, 
implantable glucose sensor coupled insulin pumps, and laser blood drawing, 
which is deemed less painful than finger pricking with a lancet or needle. 

A new technology which is noninvasive and continuous is the recent 
development of fluorescence-based glucose sensing contact lenses (Badugu et 
al., 2005). When worn by diabetics, who often require vision correction in any 
case, these lenses can potentially monitor tear glucose levels, which are known 
to track blood glucose levels. These contact lenses incorporate new 
monosaccharide fluorescent signaling boronic acid containing probes the unique 
chemical and photophysical features of these probes overcome lens 
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environmental obstacles, such as pH and polarity. Recent findings show that 
this approach might indeed be suitable for the continuous non-invasive 
monitoring of tear glucose in the concentration range 250 mM to 5 mM, which 
is approximately tenfold lower than the concentration range found in diabetic 
blood. 
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THE GLUCOSE BINDING PROTEIN AS 
GLUCOSE SENSOR 

Protein engineering for low-cost optical sensing of 
glucose 

Leah Tolosa* and Govind Rao 

13.1. INTRODUCTION 

For the past several years now, our group has been developing a novel 
set of proteins for sensing applications. These are soluble proteins found in the 
periplasmic space of gram-negative bacteria such as Escherichia coli. Their 
main function is to shuttle small molecules from the outside world to membrane 
receptors, which then transports the molecules into the cytoplasm in an ATP-
expending mechanism^'^. There is also evidence that these so-called binding 
proteins (BP's) are involved in chemotaxis^'^. Based on their functions, the 
binding proteins have evolved extremely high selectivity and sensitivity for 
their substrates^. As a general rule, the binding constants of the BP's for their 
substrates are in the micromolar range. BP's for glutamine, arabinose, histidine 
and many others, recognize only their respective substrates. The E. coli glucose 
binding protein (GBP), which is the subject of this chapter, mainly recognizes 
glucose but also binds galactose to a lesser degree. The sensitivity and 
selectivity of BP's make them ideal for biosensor development. But the main 
attractive feature of BP's is that they are not enzymes. Thus, they are considered 
as reagentless biosensors in that no additional ingredient is required for the 
sensing mechanism to proceed. For glucose sensing in particular, this is an 
improvement from glucose oxidase-based sensors where oxygen can be a 
limiting reagent. Additionally, glucose oxidase sensors produce hydrogen 
peroxide in the presence of glucose that in time degrades the enzyme itself. In 
contrast, GBP does not alter the chemistry of glucose. Rather, the process is a 
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simple equilibrium driven association between substrate and protein. For this 
reason GBP and other BP's retain their activity for longer periods even in 
solution. 

This chapter will describe the sequence of steps in the development of 
a low-cost optical GBP-based biosensor for glucose. Additionally, practical 
applications for the glucose sensor will be presented. 

13.2. PROTEIN ENGINEERING 

The substrates for the BP's are very diverse: sugars (e.g., glucose, 
ribose, maltose), amino acids (e.g., glutamine, histidine), ions (e.g., phosphate, 
sulfate) and other small molecules (e.g., vitamins, dipeptides)^. There are very 
minor similarities in the amino acid sequences of the BP's. However, these 
similarities are not significant enough to explain their remarkably identical 
structures and mode of action '̂̂ . In general, the BP structure is composed of two 
globular domains separated by a hinge region. Binding occurs by a change in 
the conformation of the protein from an "open" to a "closed" structure as the 
substrate is grasped in the binding site. To illustrate this change in conformation 
are the X-ray crystal structures of the glutamine binding protein as shown in 
Figure 13.1^'^. GBP cannot be shown in this way because the glucose-free GBP 
crystal structure was found to be in the "closed" conformation with water 
substituting for glucose in the binding site^^. This was attributed to a lower 
energy of crystallization for this form than the "open" conformation. 
Nevertheless, spectroscopic data in solution clearly shows that the "open" and 
"closed" conformations apply to GBP^ '̂̂ .̂ 

Figure 13.1. The structure of the glutamine binding protein showing the "closed" glutamine-
bound form (left) and the "open" glutamine-free form (right), (see the color insert after p. 429.) 
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These conformational 
changes associated with binding 
are put to good use by attaching 
polarity-sensitive fluorescent 
probes to specific sites on the 
protein. Some researchers have 
placed these probes close to the 
binding site^ '̂ ^̂  to monitor 
binding. But this can result in a 
decrease in activity as the binding 
site can be blocked by the 
fluorophore. Others, including our 
group, have placed the 
fluorophores on the opposite side 
of the binding site in positions that 
are not directly involved in 
binding but are affected 

allosterically^^'^^' ^̂ '̂ .̂ The positions for the fluorophores can be selected by 
calculating the rearrangement of specific domains relative to the binding site^^. 
But one can also easily overlay the open and closed conformations and pick out 
the amino acids that undergo the largest changes. With GBP, the lack of 
information on an "open" conformation can be resolved by substituting the 
structure of the arabinose binding protein^, which is the closest to that of GBP. 
Cysteines are then introduced by site-directed mutagenesis to these positions 
followed by labeling with sulfhydryl-reactive probes. It is fortunate that due to 
the highly oxidative environment in the periplasm, the BP's have evolved with 
no cysteines in their amino acid composition. 

Figure 13.2. Emission spectra of ANS-labeled 
Q26C GBP in the presence of glucose. 

Figure 13.3. Space-fill models of ANS-GBP showing the degree of exposure of ANS to the 
buffer in the absence (left) and presence (right) of glucose. 
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13.3. POLARITY SENSITIVE PROBES 

The choice of sites for labeling is very important in ensuring that 
signal transduction by GBP occurs upon addition of glucose. However, there is 
evidence that the interaction of the polarity-sensitive probe to the protein site is 
just as crucial. For example, the anilino-naphthalene sulfonate (ANS) label on 
the Q26C GBP undergoes an almost 50% decrease in emission intensity upon 
glucose saturation (Figure 13.2). This can be easily understood upon 
examination of the open and closed structures obtained by energy minimization 
calculations of the labeled protein in 13. 3^^. The ANS is exposed to the 
aqueous environment in the glucose-bound form and explains the quenching of 
fluorescence in the presence of glucose. In the open conformation, the ANS is 
buried in the protein structure accommodated within a hydrophobic channel. 
Labeling the same position with the very similar 5-((2-aminoethyl) amino) 
naphthalene-1-sulfonic acid (EDANS) energy-minimized models reveal that the 
interactions of EDANS with the protein are mainly hydrophilic rather than 
hydrophobic in both open and closed conformations. The calculated 
dissociation constants, K^, for the ANS- and EDANS-labeled Q26C GBP are 
0.85 fiM and 7.0 |xM, respectively. There is an apparent decrease in sensitivity 
by an order of magnitude from ANS to EDANS. This implies that binding 
constants determined by the fluorescence changes of polarity probes are indirect 
measures of glucose binding. The same effects were observed in other mutants 
such as L255C, which has a K^ of 0.32 |iM when labeled with acrylodan and 
0.43 |iM when labeled with 7-nitrobenz-oxa- 1,3-diazole (NBD)^l It is likely 
that the label is affecting the protein structure to some extent. Labeling of the 
Q26C mutant with pyrene, for example, shows a more complicated binding 
isotherm that does not fit a straightforward single binding event (Figure 13.4). 
Nevertheless, with the right choice of probe, GBP can be an extremely useful 

glucose sensor. 

Pyrene-GBP 

13.4. STRATEGIES 
FOR LOW-COST 
GLUCOSE SENSING 

The changes in 
emission associated with 
glucose binding as shown 
in Figure 2^ ,̂ constitutes a 
serviceable intensity-
based glucose sensor. 
However, when 
measuring fluorescence 
intensities at a single 
wavelength, it is common 

to encounter errors due to variations in the intensity of the light source, the 
length of the light path, sample positioning, concentration of the reagent, etc. 
One way to eliminate these systematic errors is to use the ratiometric approach, 

40 60 
Micromolar glucose 

Figure 13.4. Response of Pyrene-GBP to glucose. 
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Figure 13.5. Emission spectra of the dual-labeled 
L255C GBP. Acrylodan emits at 510 nm, Ru emits at 
610 nm. 

that is, the measurement of the 
intensity ratio at two different 
wavelengths in the emission 
spectrum where the fluorescent 
probe exhibits different sensitivities 
to the analyte. Many pH sensors 
function in this way, but the design 
and synthesis of ratiometric probes 
for most analytes is a major 
challenge. Fortunately, when the 
sensing molecule is a large protein 
such as GBP, it is not too difficult to 
identify specific sites with different 
analyte sensitivities for fluorescent 
dye labeling. In the case of GBP, the 
isothiocyanate form of a ruthenium 
metal ligand complex was 

preferentially labeled to the N- terminal amino acid by controlling 
the pH. The emission spectra of L255C GBP labeled with acrylodan (Em = 410 
nm) on the cysteine mutation and Ru (Em = 620 nm) on the N-terminal are 
shown in Figure 13.5^ .̂ 

This intensity-based ratiometric approach works very well for 
laboratory use. The caveat is that for field-testing, additional improvements are 
needed to make the measurements more robust and the instrumentation less 
expensive. By definition, the method requires measurements on two separate 
wavelengths. However, there are no photodetectors that can measure at a single 
wavelength, rather the light intensity is integrated over the 
spectral band that is passed by 
the monochromators (or band 
pass filter). The narrower the 
spectral band, the better is the 
sensitivity of the ratio 
determination. However, 
limiting the spectral band 
using band pass devices 
results in a decrease in the 
available intensity. As a result, 
high-sensitivity 
photodetectors are required 
(photo multipliers or 
avalanche photodiodes). 
These devices require high-
voltage power supplies (up to 
1000 V), which burdens the 
power budget and the 

Frequency, MHz 

Figure 13.6. Frequency domain decay traces of the dual-
labeled L255C GBP. Note the modulation changes between 1-
10 MHz. 
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reliability of the device. Furthermore, the decreased emission intensity results in 
worse signal-to-noise ratio in the photodetector. Consequently, the plain 
spectral approach is a trade-off between the noise and the sensitivity of the 
sensor. Finally, it is very difficult to measure the intensity of only one spectral 
peak, as they typically overlap, adding non-linearities to the output signal. 

All these problems can be easily overcome by using two fluorophores 
that have a large difference in their fluorescence lifetime. It is not an accident 
that the second probe chosen is ruthenium, which has a lifetime in the hundreds 
of nanoseconds, while acrylodan has a lifetime of --2 ns. The method relies on 
the fact that at higher frequencies of the modulated excitation light, the long-
lifetime fluorescence can be completely de-modulated, while the short-lived 
fluorescence still retains significant modulation^^' ^̂ . For a mixture of 
fluorophores, the phase and modulation can be calculated using the sine and 
cosine transforms of the intensity decays, N^^ and D^^, respectively, at a given 
frequency co 

A'co =2//W/sin(t)/ (1) 
D^ =27/W/Cos(t), (2) 

where / / is the fractional steady-state intensity, cj), is the phase, and m , is the 
modulation. The modulation at frequency co is given by 

m = {N^^ D^f^ (3) 

In the case of Ru-GBP-Acr, the difference in lifetime between Ru and Acr is 
large. It is, therefore, reasonable to assume that a frequency co can be identified 
where the modulation of Acr is close to 1.0 while the modulation of Ru is close 
to 0.0. At this frequency, 

N=fAcr^m^Acr (4) 

D =fAcr^O^^Acr (5) 

Using equation (3) we arrive at 

m =fAcr (6) 

In this way, the signal transduction required for sensing need not be 
accompanied by lifetime changes but can be limited to intensity changes of the 
short-lived component^^. The frequency domain decay traces of the dual labeled 
L255C GBP as shown in Figure 13.6 demonstrate a range of frequencies where 
the modulation is proportional to the glucose concentration. Furthermore, the 
modulation changes are observed at fi-equencies lower than those required if the 
only emitting species is the short-lived component (e.g. 100 MHz for short lived 
dye alone vs. 1-10 MHz for short + long lived dyes). This allows for the use of 
simple and low-cost oscillators such as the 555-type. Additionally, this method 
involves the direct electronic modulation of an LED (light emitting diode) as 
the light source rather than the use of expensive lasers. 
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Figure 13.8. Glucose consumption in E. coli 
fermentation. 
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Figure 13.7. Glucose consumption in 
yeast fermentation. 

13.5. APPLICATION OF THE GBP-BASED BIOSENSOR IN CELL 
CULTURE 

The GBP sensor has been tested in monitoring glucose consumption in 
yeast fermentation and E. coli cell culture^^ (Figure 13.7). For comparison, the 
glucose concentrations were measured with the YSI 2700 Chemistry Analyzer 
(Yellow Springs Instrument Co., Inc.), which uses glucose oxidase-based 
electrodes. The YSI 2700 Chemistry Analyzer has a responsive range up to 140 
mM and a lower detection limit (based on signal/noise=3) of 0.1 mM. GBP has 
a lower detection limit of 0.3-0.5 jiM. Because of this extremely high 
sensitivity, the responsive range of GBP can be expanded to several orders of 
magnitude by simply diluting the sample. For example, in Figure 13.8 the 
samples analyzed using GBP were diluted 10,000 to 40,000 times while the 
samples analyzed with YSI were aspirated into the instrument as is. This 
dilution step does not only expand the responsive range, it minimizes/eliminates 
fluorescent interferences in the optically complex media. Fouling of the sensor 
surface can also be reduced significantly. It is not difficult to obtain reliable 
data even from the UV excitable ANS labeled GBP. The discrepancy between 
GBP and YSI data in Figure 13.7 can be explained by the sensitivity of the 
glucose oxidase electrode to other electroactive species such as urea and 
ascorbic acid (the preservative in Baker's yeast used here). GBP is not 
susceptible to these errors, but will detect galactose to a lesser extent. 

For E. coli fermentation, GBP was able to follow the trend in glucose 
consumption as the cell density increased (Fig. 13.8). On the other hand, YSI 
gave erratic results because the glucose concentration in Luria-Bertani (LB) 
broth used for E. coli culture is too close to the lower detection limit of YSI, 
which was measured to be ~0.1 mM. Clearly, GBP is capable of monitoring 
glucose concentrations at the submillimolar levels that are beyond the 
capabilities of current industry standards. At the present time, monitoring of 
glucose levels in fermentations using LB medium is not routine because there is 
no method sensitive enough to do the measurements. 
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Figure 13.9. Glucose consumption in 100 ^L 
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Figure 13.10. Comparison of HPAEC-PED 
and GBP methods of glucose sensing. 

The high sensitivity of GBP offers another advantage in that very small 
sample volumes (<1 |il) are needed for analysis. Thus, there is a great 
possibility that GBP can be applied to samples derived by microsampling 
techniques such as iontophoresis, laser poration, ultrasound or microneedles. 
Another application is in microbioreactors where the fermentation volumes can 
be as small as 100 |il. In Figure 13.9 we show that this can be done with some 
correction for evaporation. 

13.6. VALIDATION 

As the use of binding proteins as biosensors begin to mature, there is a 
need to evaluate them against highly accepted methods that have been used by 
analytical chemists for many years. Glucose oxidase electrodes such as those 
manufactured by YSI are considered as such. However, the difference in 
sensitivities of GBP and glucose oxidase is three orders of magnitude. Thus, the 
limit of detection of YSI is about 0.1 mM while that of the glucose binding 
protein is about 0.4 |iM. Clearly, there is a need to compare the assay to a 
method with comparable sensitivity. This we found in the High Performance 
Anion Exchange Chromatography with Pulsed Electrochemical Detection^^ 
(HPAC-PED), which has been in use for several decades and is a generally 
accepted technique. An additional advantage of this technique is that 
electrochemical conditions can be optimized to selectively detect glucose over 
other electroactive species. This complements the highly selective nature of the 
glucose binding protein. The correlation of the two methods can be seen in 
Figure 13.lO^^ Statistical analysis showed that there is no significant difference 
between the two techniques. 
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FLUORESCENT TICT SENSORS FOR 
SACCHARIDES 

Laurence I. Bosch and Tony D. James^ 

14.1. INTRODUCTION 

Boronic acid receptors with the capacity to bind selectively saccharides and 
signal this event by altering their optical signature have attracted considerable 
interest in recent years.^'^ Boronic acids are known to bind saccharides via 
covalent interactions in aqueous media. The most common interaction is with 
ciS' 1,2- or 1,3-diols of saccharides to form five- or six-membered rings 
respectively.^^ 

14.2. RESULTS AND DISCUSSION 

Compounds 1 a monoboronic fluorescent sensor, which shows large shifts in 
the emission wavelength on saccharide binding.^^' ^̂  When saccharides interact 
with sensors 1 in aqueous solution at pH 8.21 the emission maxima at 404 nm 
shifts to 362 nm (Âex 274 nm). (Figure 14.1). 

The species responsible for the observed fluorescence properties are shown 
in Scheme 14.1. Species A contains a B-N bond and when excited at 274 nm 
emits at 404 nm. On addition of saccharide the B-N bond is broken to form 
boronate species B which emits at 362 nm when excited at 274 nm. (Scheme 
14.1) The different fluorescent properties of species A and B can be ascribed to 
Locally Excited (LE) and Twisted Internal Charge Transfer (TICT) states of 
the aniline fluorophore.^^"^^ Species B only shows the normal band associated 
with the LE state since the nitrogen lone pair is free to conjugate with the n-
system while species A shows the anomalous band associated with the TICT 
state since the lone pair is coordinated with the boron and perpendicular to the 
7c-system. 

^ Department of Chemistry, University of Bath, Bath BA2 7AY UK. (t.d.james@bath.ac.uk) 
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Figure 14.1 Fluorescence spectra change of 1 (2.0 x 10^ mol dm^) with different concentration of 
D-fructose (0-0.1 mol dm') in pH 8.21 buffer. X^^ 274 nm. 
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From these investigations we realised that the species B emitting at 362 nm 
does not contain a B-N bond, but does show fluorescent enhancement. 
Therefore, we decided to investigate systems where formation of a B-N bond 
was not possible. (Compounds 2 and 3) Compounds 1, 2 and 3 were prepared 
according to Scheme 2 from readily available starting materials, aniline and 2-, 
3- or 4- formylbenzeneboronic acid. For compound 1 we were also able to 
obtain crystals suitable for X-ray analysis.^^ The structure is shown in Figure 
14.2. It is clear from Figure 14.2 that the boronic acid forms a cyclic trimeric 
anhydride, where only one of the units contains a B-N bond (1.747(2) A). This 
value is similar to those found in similar cyclic boroxins^^ and within the 1.5 to 
1.8 A range expected for a strong B-N bond.^^ The structure supports Scheme 
14.1 in that it illustrates that a subtle balance exists for formation of a B-N 
bond. 

hv 274 nm 

362 nm 

Scheme 1 Proposed fluorescent species 

C7a C13a C12a 

Figure 14.2 Crystal structure of la. Ellipsoids are illustrated at the 30% probability level. Hydrogen 
atoms omitted for clarity. 
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HO 

^ 

1-3 

Scheme 14.2: Reagents and conditions: (i) EtOH/PhCHa reflux (1) or MeOH, rt (2 and 3); (ii) 
MeOH, NaBH4 (5 eq), 1 54% (two steps), 2 and 3 both 45% (two steps) 

For compounds 2 and 3 when excited at 240 nm and 244 nm respectively an 
emission at 350 nm was observed. (Excitation at 274 nm resulted in no 
emission). Also, when compound 1 was excited at 244 nm, only an emission at 
360 nm was observed. In all these cases only the LE state is formed. 

The p/iTa of compounds 1, 2 and 3 (1.0 X 10'̂  mol dm ^ 33.3wt% (1) and 
52.1wt% (2 and 3) methanolic aqueous solution in the presence of 0.05 mol dm" 
^ sodium chloride osmotic buffer) were determined from the fluorescence 
intensity versus pH profiles in the absence and presence of D-fructose (0.05 mol 
dm'^). The p/̂ a of compounds 1, 2, and 3 were: 10.20 ±0.01, 9.30 ± 0.03 and 
9.58 ± 0.02 respectively and in the presence of D-fructose (0.05 mol dm" )̂ were 
7.96 ± 0.06, 6.95 ± 0.04 and 7.22 ± 0.02 respectively. The observed shift in pA'a 
to lower values on saccharide binding is in agreement with previous work.^ 

The fluorescence titration of 1 (2.0 x 10'^mol dm'^), 2 (1.0 X 10'̂  mol dm" )̂ 
and 3 (1.0 X 10'̂  mol dm"̂ ) with different saccharides were carried out in a pH 
8.21 buffer (52.1wt% methanol in water with KCl, 0.01000 mol dm"^ KH2PO4, 
0.002752 mol dm"^ Na2HP04, 0.002757 mol dm'̂ ).^^ The fluorescence spectra 
of 1, 2 and 3 in the presence of D-fructose (0-0.1 mol dm'^) are shown in 
Figure 14.3. 

The stability constants (K) of fluorescence sensors 1,2 and 3 with D-fructose, 
D-glucose, D-galactose and D-mannose were calculated by fitting the emission 
intensity at 350 or 360 nm (X,ex 240 and 244 nm) versus concentration of 

Table 14.1: Stability constant K (coefficient of determination; r^) for saccharide complexes of 
fluorescent sensors 1, 2 and 3, in pH 8.21 buffer. 

Saccharides 1 (ex 244 nm) 1 (ex 274 nm) 2 (ex 244 nm) 3 (ex 240 nm) 

Kmol-^dm' Kmol'dm' Kmol"' dm' KmoX' dm' 

D-Fructose 79 ±1.7 (0.99) 106 ± 7.0 (0.99) 212 ± 6.9 (0.99) 129 ±2.6 (0.99) 

D-Glucose 6.4 ± 0.4 (0.99) 19 ± 6.0 (0.98) 8.7 ± 1 (0.99) 6.7 ± 0.5 (0.99) 

D-Galactose 14 ± 0.6 (0.99) 27 ± 4.0 (0.99) 27 ± 1.3 (0.99) 18 ± 0.3 (0.99) 

D-Mannose 7.8 ± 0.3 (0.99) -* 14 ±1.4(0 .99) 16 ±0.8(0.99) 

* small changes in fluorescence 
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saccharides (Figure 14.4).̂ ^ The stability constants for sensors 1, 2 and 3 
calculated from these titrations are given in Table 14.1. 
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Figure 14.3 Fluorescence spectra change of 1 (a) (2.0 x 10'̂  mol dm"^), 2 (b) (1.0 x 10"̂  mol dm"̂ ) 
and 3 (c) (1.0 X 10'̂  mol dm'^) with different concentration of D-fructose (0-0.1 mol dm"̂ ) in 
52.1wt% MeOH pH 8.21 phosphate buffer. \^^ 244, 240 and 244 nm respectively. 
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Figure 14.4: Relative fluorescence intensity versus saccharide concentration profile of 1 (a), 2 (b) 
and 3 (c) with (•) D-fructose, (•) D-glucose, (•) D-galactose, (A) D-mannose. The measurement 
conditions are the same as those in Figure 14.3. (a) A,ex 244, A<em 360 nm. (b) >.ex 240, A.em 350 nm. (c) 
>.ex 244, ?iem 350 nm. 
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The fluorescence enhancements obtained fori, 2 and3 on the addition of D-
fructose are 15, 18 and 25 fold respectively. We believe that these large 
fluorescence enhancements can be attributed to fluorescence recovery of the 
aniline fluorophore. With these systems in the absence of saccharides the 
normal fluorescence of the LE state of the aniline donor is quenched by energy 
transfer to the phenylboronic acid acceptor. When saccharides are added, a 
negatively charged boronate anion is formed {cf. species B from Scheme 14.2), 
under these conditions energy transfer from the aniline donor is unfavorable and 
fluorescence recovery of the LE state of the aniline donor is observed. 

This was confirmed by the quantum yield measurements of compounds 1,2 and 
3. The quantum yield O of aniline is 0.09^^ (in methanol), and the measured 
quantum yield O of 1 is 0.0082, 2 is 0.0087 and 3 is 0.0070 (in methanol).^^' ̂ ^ 

Compounds 4 and 5 were also prepared (Scheme 14.3) in order to explore the 
effect of electron withdrawing and donating groups on the fluorescent 
properties of the system. 

Sensor 4 contains an electron-withdrawing chlorine group on the aniline ring. 
The fluorescence of sensor 4 is quenched on addition of saccharides. 

The pH-tritration was performed in an osmotic buffer (52.1% methanol aqueous 
solution with NaCl 0.05 mol dm'^). p/Ta values are for sensors 4 are 10.47 ± 
0.05 (0.99) and 7.82 ± 0.04 (0.99) in the absence and presence of D-fioictose 
respectively. 

The fluorescence titrations of 4 (2.0 x 10-5 mol dm-3) were performed in pH 8.21 
phosphate buffer at 279 nm excitation wavelength, with 4 different 
monosaccharides (D-fructose, D-glucose, D-galactose and D-mannose). The 
maximum fluorescence intensity was observed at 400 nm. The fluorescence is 
quenched on addition of D-fructose (6.7 fold). The bound species is non-
fluorescent, so the quenched fluorescence observed is due to the decrease of the 
unbound species present in the media upon addition of saccharides. The 
stability constants {K) of fluorescence sensor 4 were calculated by fitting the 
emission at their maximum, X^^ 400 nm versus concentration of saccharide. The 

HO^ /OH 

4X=C1 
5 X=OMe 

Scheme 14.3: Reagents and conditions: i) EtOH/Toluene (90:10) reflux in Dean and Stark trap, 
overnight; ii) NaBH4(5eq), rt, 1.5 to 2.5h, 4 31%, and 5 56%, (two steps). 
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Figure 14.5: Relative fluorescence intensity versus saccharide concentration profile of 4 with (•) D-
fructose, (•) D-glucose, (•) D-galactose, (A) D-mannose, pH 8.21 buffer, X«x 279 nm, Xem 400 nm. 

curves are shown in Figure 14.5 and the calculated values are given in 
Table 14.2. 

Sensor 5 has an electron-donating group, a methoxy group on the aniline ring. 
Sensor 5 displays an enhancement of fluorescence upon addition of saccharides. 

The pH-tritration was performed in an osmotic buffer (52.1% methanol aqueous 
solution with NaCl 0.05 mol dm'^) in the absence and in the presence of 0.005 
mol dm'̂  of D-fructose. For sensor 5, the usual fitting curve, using 
Kaleidagraph failed, so another program, Scientist, has been used to fit the pK^ 
values. However this program cannot be used in the presence of D-fructose, due 
to large number of species involved. The two p^^ values in the absence of D-
fructose for sensor 5 are 10.85 ± 0.06 (0.90), 4.99 ± 0.42 (0.90) respectively. 

The fluorescence titrations of 5 were performed in pH 8.21 phosphate buffer 
at 240 and 286 nm excitation wavelength, with 4 different monosaccharides (D-
fructose, D-glucose, D-galactose and D-mannose). The concentration used was 
4.0 X 10-^moldml 

The spectra of sensor 5, when excited at 240 nm does not show any isostilbic 
point, and shows only the enhancement of fluorescence (4.7 fold) of the bound 
species upon addition of saccharide, due to LE state. However when sensor 5 is 
excited at 286 nm, the spectra displays two bands so two species are present, the 
unbound one and the bound one. The unbound species disappears upon addition 
of saccharides, the spectra shifted from 430 nm to 378 nm. An isostilbic point is 
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observed at 409 nm upon addition of D-fructose. So sensor 5 behaves similar to 
sensor 1 with both TICT state and LE state depending excitation wavelength 
and condition used. 

The stability constants (K) of fluorescence sensor 5 were calculated by fitting 
the intensity at their emission maximum versus concentration of saccharide. 
The curves are shown in Figure 14.6 and the calculated values are given in 
Table 14.2. 

0.04 0.06 

[Sacharide] / M 

Figure 14.6: Relative fluorescence intensity versus saccharide concentration profile of 5 with (•) 
D-fructose, (n) D-glucose, (•) D-galactose, (A) D-mannose, pH 8.21 buffer, (a) X̂x 240 nm, X^m for 
each spectrum 370 nm. (b) A«x 286 nm, A«m for each spectrum at their maximum 375-378 nm. 
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Table 14.2: Stability constant K (coefficient of determination; r ) for saccharide complexes of 
fluorescent sensors 4 and 5, in pH 8.21 buffer. 

Saccharides 
4 (ex 279 nm) 

ATmol'dm^ 

5 (ex 240 nm) 

ATmol-̂ dm^ 

5 (ex 286 nm) 

/iCmorUm^ 

D-Fructose 96 ±3.8 (0.99) 93 ±4.4 (0.99) 138 ± 6.8 (0.99) 

D-Glucose 3.3 ±3.0 (0.97) 12 ±3.0 (0.98) -* 

D-Galactose 16 ±2.6 (0.99) 20 ±2.2 (0.99) 42 ±5.4 (0.99) 

D-Mannose 7.0 ± 1.4 (0.99) 13 ± 4.0 (0.97) -* 

*small changes in fluorescence 

Similar results were found for sensor 1 and the sensors 4, and 5. Generally, 
sensor 1 has a better stability constant for all the 4 saccharides. 

Sensor 4 is the only sensor where the fluorescence is quenched. The decrease 
of fluorescence observed is due to the decrease of the unbound species (TICT 
state), as the bound species (LE state) in this case is non-fluorescent. Also, the 
electron-donating group of sensor 5 does not give better results than sensor 1. 

To further explore the system, the aniline was replaced by a naphthalene 6 and a 
pyrene ring 7. The sensors were successfully prepared as outlines in Scheme 4. 
Both sensors 6 and 7 display stronger fluorescence than sensor 1. 

HO^ / O H 

NHp 
I 
R 

6 R = 

Scheme 14.4: Reagents and conditions: i) MeOH, rt, 1 h; ii) NaBH,(2eq), rt, Ih, 6 68% (two steps), 
i) THF/MeOH (50:50) reflux in Dean and Stark trap under nitrogen atmosphere, overnight; ii) NaBH^ 
(5eq), rt, Ih, 7 47% (two steps). 
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Figure 14.7: Relative fluorescence intensity versus saccharide concentration profile of 6 with (•)D-

fructose, (•) D-glucose, (•) D-galactose, (A) D-mannose, pH 8.21 buffer,A^x 324 nm, Km 443 nm. 

The fluorescence titration of 6 and 7 were performed in pH 8.21 buffer at 
324 nm and 383 nm excitation wavelength respectively, with 4 different 
monosaccharides, (D-fructose, D-glucose, D-galactose and D-mannose) and 
sensors concentration (2.0 x 10'̂  and 2.5 x lO'̂  mol dm"̂  for sensors 6 and 7 
respectively). The spectra of sensor 6 shifted from 428 nm to 443 nm (15 nm) 
and increased upon addition of D-fructose. An isostilbic point is observed at 
417 nm. The spectra of sensor 7 decreased and shifted from 441 nm to 454 nm 
(13 nm) upon addition of D-fructose. An isostilbic point is observed at 449 nm. 
The fluorescence enhancements for four sugars are shown in Figure 14.7 and 
Figure 14.8 for sensors 6 and 7 respectively. The stability constants are 
calculated from the previous curves and given in Table 14.3. 

From Table 14.3, stability constants appear to have similar values for sensors 6 
and 7. If the stability constant values of sensors 6 and 7 are compared to sensor 
1 (when excited at 274 nm), the values are in the same order and are close to 
each other. However, the spectra of sensor 1 shifted from 404 nm to 362 nm (42 
nm) and increased upon addition of D-fructose. An isostilbic point is found at 
377 nm. Sensors 6 and 7 produce a smaller shift but a higher emission 
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Table 14.3: Stability constant K (coefficient of determination; r^) for saccharide complexes of 
fluorescent sensors 6 and 7, in pH 8.21 buffer. 

Saccharides 
6 (ex 324 nm) 7 (ex 383 nm) 

KmoV'dm^ ATmordm' 

D-Fructose 154 ± 8.0 (0.99) 132 ± 15 (0.99) 

D-Glucose 11 ± 3.0 (0.97) -* 

D-Galactose 26 ± 2.0 (0.99) 11 ± 3.0 (0.99) 

D-Mannose 14 ±3.0 (0.98) 8.0 ± 5.0(0.97) 

*smaH changes in fluorescence 

wavelength, due to the two higher wavelength fluorophores used (naphthalene 
and pyrene). Sensor 1 produces the largest shift in wavelength (42 nm). In 
conclusion, changing the fluorophore from benzene to naphathalene and pyrene 
reduces sensitivity but extends the working wavelength of the sensors. 

1.25 

0.04 0.06 
[Saccharide] / M 

Figure 14.8: Relative fluorescence intensity versus saccharide concentration profile of 7 with (•) D-
fructose, (n) D-glucose, (•) D-galactose, (A) D-mannose, pH 8.21 buffer, X«x 383 nm, Km 460 nm. 
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14.3. CONCLUSIONS 

In conclusion, we have prepared several new systems which display large 
fluorescence enhancements on saccharide binding. (1, 2, 3 and 5) The 
fluorescence changes observed for the LE state at 360, 350, 350 and 370 nm for 
1, 2, 3and 5 on excitation at 244, 240, 244 or 240 nm has been ascribed to the 
fluorescence recovery of the aniline fluorophore. With sensor 1 on excitation at 
274 nm a fluorescence increase at 360 nm due to the LE state of species B from 
Scheme 1 and fluorescence decrease at 404 nm due to the TICT state of species 
A from Scheme 14.1 is observed. (Figure 14.1) With sensor 4 on excitation at 
279 nm only fluorescence quenching is observed at 400 nm due to the decrease 
of the TICT state species A from Scheme 14.1. With sensor 4 the LE state due 
to species B from Scheme 14.1 is non-fluorescent. With sensors 6 and 7 the 
working wavelength has been extended to 443 and 460 nm on excitation at 324 
and 388 nm respectively. We are confident that these discoveries will lead to 
the development of improved boronic acid based fluorescent saccharide sensors. 
Our ongoing research is directed towards exploiting these findings in other 
saccharide selective systems. 

14.4. EXPERIMENTAL 

14.4.1. General procedures 

All the solvents and chemicals used as starting materials were reagent 
grade, unless stated otherwise and supplied by Frontier Scientific Ltd, Aldrich 
Chemical Co. Ltd., Lancaster Synthesis Ltd. and Fisher Scientific Ltd. 

Ĥ and ^^C{^H} NMR spectra were recorded on a Bruker AVANCE 300 
(300.13 and 75.47 MHz respectively) and a Jeol-400MHz (399.78 and 100.52 
MHz respectively) spectrometer. All the chemical shifts (6) were reported in 
ppm using the deuterated solvent and or tetramethylsilane as the internal 
reference. All the following data use the abbreviations as follow: singlet (s), 
doublet (d), doublet of doublet (dd), apparent doublet (d app), multiplet (m), 
broad singlet (brs). /-values are given in Hertz. 

The mentioned carbon masked by CD3OD, is a carbon seen under CD3OD but 
difficult to assign individually or shown by a 2D ^H-̂ ^C correlation. 

The i3C{iH} NMR spectra were subject to the PENDANT technique, resulting 
in primary and tertiary carbon atoms having a different phase to secondary and 
quaternary carbon atoms. The phase is presented in the following manner: (+) 
positive phase, (-) negative phase. Due to quadrupolar relaxation, the aryl 
carbon atoms attached directly to boron atoms of the boronic acids were not 
observed by ^^C-NMR. 

Mass spectra including high-resolution spectra were recorded on a Waters 
Micromass Autospec Spectrometer using FAB (Fast Atom Bombardment) at 
the University of Bath and at the EPRSC mass spectrometry centre, Swansea. 

Elemental Analysis were performed on a Exeter Analytical CE 440. 
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Melting points were determined using a Gallenkamp melting point 
apparatus and are reported uncorrected. 

Thin Layer Chromatography (TLC) was performed on precoated 
aluminium-backed silica plates supplied by Fluka Chemie. Visualisation was 
achieved by UV light (254 nm). 

Organic phases were dried with anhydrous MgS04, filtered and condensed 
with a Buchi evaporator. Further evaporation was carried out on high-vacuum 
line where necessary. 

All the fluorescence measurements were performed on a Perkin Elmer 
Luminescence Spectrometer LS 50B with a Stama Silica (quartz) cuvet with 10 
mm path lengths and four faces polished. Data was collected via the Pekin 
Elmer FL WinLab 4.00 software package. 

UV-Visible absorption measurements used Sigma Spectrophotometer Silica 
(Quartz) Cuvets with 10 mm path lengths and were recorded on a Perkin-Elmer 
Lambda 20 UVA^IS spectrometer. The data was collected via the Pekin Elmer 
UV WinLab 2.70 software package. 

The association constant K and pKa were analysed with Kaleidagraph 3.51 
using nonlinear (Levenberg-Marquardt algorithm) curve fitting. The errors 
reported are the standard errors obtained from the best fit. 

The pH measurements in the pH-titration experiments were taken on a 
Hanna Instruments HI 9321 Microprocessor pH meter which was calibrated 
using Fisher Chemicals "colour coded" buffer solutions (pH 4.0- phthalate , pH 
7.0- phosphate and pH 10.0- borate). 

The pH measurements for the preparation of the HEPES buffer were taken 
on a Mettler DL 21 Titrator with a Mettler Toledo DGlll-SC glass electrode 
which was calibrated using two 52.1% methanol/water buffers [pH 2.07 
(0.01000 m KCl, 0.01101 m HCl) and 9.43 (0.00992 m KCl, 0.004996 m Na 
borate)].'' 

14.4.2. Preparation of the (2-boronobenzyl)-aniline (1) 

2-Formylphenylboronic acid (1.00 g, 6.67 mmol) was dissolved in a 
mixture of absolute EtOH/Toluene (90/10) (50 ml) then aniline (621 mg, 6.67 
mmol) was added to the reaction. A Deans and Stark trap was fixed to the 
reaction vessel and filled with the same solvent mixture EtOH/Toluene (90/10) 
(25 ml) to permit the azeotropic removal of water. The reaction was stirred 
under reflux for 16 hours. After cooling to 0°C with an ice bath, sodium 
borohydride (1.26 g, 33.35 mmol) was added slowly to the mixture and stirred 
for 2.5 further hours at room temperature. 

The solvent was removed under reduced pressure. Water (100 ml) was 
added to the residue and the resulting solution was extracted with chloroform (3 
X 100 ml). The organic phases were combined, washed with brine (150 ml) and 
dried over MgS04. The solvent was then removed in vacuo. Precipitation from 
chloroform/n-hexane afforded sensor 1 (813 mg, 54%) as a cream powder. 

mp: 125-129°C; Found: C, 74.70; H, 5.97; N, 6.63. C13H14BNO2-H2O 
requires C, 74.72; H, 5.80; N, 6.70%; 5H (300 MHz; CD3OD) 4.21 (2H, s, CH2), 
6.60-6.70 (3H, m, Ar/f), 6.95-7.25 (6H, m, ArH); 5c (75 MHz; CD3OD) 51.6, 
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117.4 (2C), 121.5, 126.9, 127.9, 129.8, 130.2 (2C), 132.7, 146.0, 149.1; m/z 
(FAB) 497.3 ([M+2(3-HOCH2C6H4N02)-2H20]^ 100%); O = 0.0082. 

14.4.3. Preparation of the (3-boronobenzyl)-aniline (2) 

3-Formylphenylboronic acid (200 mg, 1.33 mmol) was dissolved in 
methanol (20 ml) then aniline (136 mg, 1.46 mmol) was added to the reaction. 
The reaction was stirred overnight at room temperature. The reduction of the 
imine product was then carried out by the slow addition of sodium borohydride 
(250 mg, 6.61 mmol) to the solution. The reaction was stirred for 1.5 further 
hours at room temperature. 

The solvent was removed under reduced pressure. Water (20 ml) was added to 
the residue and the resulting solution was extracted with chloroform (3 x 40 
ml). The organic phases were combined, washed with brine (60 ml) and dried 
over MgS04. The solvent was then removed in vacuo. Precipitation from 
chloroform/n-hexane afforded sensor 2 (137 mg, 45%) as a white powder. 

mp: 166°C; Found: C, 73.90; H, 5.56; N, 6.72. Ci3H,4BNO2-H2O+0.03 
CHCI3 requires C, 73.60; H, 5.70; N, 6.58%); (HRMS: Found [M+2(3-
HOCH2C6H4N02)-2H20]^ 497.1776. C27H24BN3O6 requires 497.1758); 8H (300 
MHz; CD3OD) 4.31 (2H, s, CH2I 6.55-6.65 (3H, m, AvH), 7.00-7.10 (2H, m, 
Ar//), 7.30 (IH, m, Ar//), 7.42 (IH, m, Ar/f), 7.60 (IH, m, Ar//), 7.76 (IH, m, 
ArH); 8c (75 MHz; CD3OD) approximately 49.0 carbon masked by CD3OD, 
114.5, 118.3, 129.1, 130.3, 130.8, 133.8, 134.4, 140.8, 150.5; m/z (FAB) 498.1 
([M+H+2(3-HOCH2C6H4N02)-2H20]^ 100%); O = 0.0087. 

14.4.4. Preparation of the (4-boronobenzyl)-aniline (3) 

4-formylphenylboronic acid (200 mg, 1.33 mmol) was dissolved in 
methanol (20 ml) then aniline (137 mg, 1.46 mmol) was added to the reaction. 
The reaction was stirred overnight at room temperature. The reduction of the 
imine product was then carried out by the slow addition of sodium borohydride 
(250 mg, 6.61 mmol) to the solution. The reaction was stirred for 1 further hour 
at room temperature. 

The solvent was removed under reduced pressure. Water (20 ml) was added to 
the residue and the resulting solution was extracted with chloroform (3 x 40 
ml). The organic phases were combined, washed with brine (60 ml) and dried 
over MgS04. The solvent was then removed in vacuo. Precipitation from 
chloroform/n-hexane afforded sensor 3 (135 mg, 45%) as a white powder. 

mp: 164°C; Found: C, 73.90; H, 5.88; N, 6.15. C13H14BNO2-H2O+O.O3 
CHCI3 requires C, 73.60; H, 5.70; N, 6.58%); (HRMS: Found [M+2(3-
HOCH2C6H4N02)-2H20]^ 497.1772. C27H24BN3O6 requires 497.1758); 8H (300 
MHz; CD3OD) 4.30 (2H, s, C//2-NH), 6.55-6.65 (3H, m, ArH), 7.00-7.10 (2H, 
m, ATH), 7.30-7.40 (2H, m, ArH), 7.56 (IH, m, Ar//), 7.69 (IH, m, Ar//); 8c 
(75 MHz; CD3OD) approximately 49.0 carbon masked by CD3OD, 114.5, 
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118.4, 127.9, 130.3, 135.5, 144.1, 150.5; m/z (FAB) 497.1 ([M4-2(3-
HOCH2C6H4N02)-2H20]^ 100%); O = 0.0070. 

14.4.5. Preparation of the (4-chloro-phenyl)-(2-boronobenzyl) amine (4) 

The 4-chloroaniline (84 mg, 0.66 mmol) was dissolved in a mixture of 
absolute EtOH/Toluene (90/10) (25 ml) then 2-formylphenylboronic acid (100 
mg, 0.66 mmol) was added to the solution. A Deans and Stark trap was fixed to 
the reaction vessel and filled with EtOH/Toluene (90/10) mixture (25 ml). The 
reaction was stirred under reflux overnight. After cooling, sodium borohydride 
(125 mg, 3.30 mmol) was added slowly to the mixture and stirred for 1.5 further 
hours at room temperature. 

The solvent was removed under reduced pressure. Water (30 ml) was added to 
the residue and the resulting solution was extracted with chloroform (3 x 30 
ml). The organic phases were combined, washed with brine (45 ml) and dried 
over MgS04. The solvent was then removed in vacuo. Precipitation from 
chloroform/n-hexane afforded sensor 4 (54 mg, 31%) as a white powder. 

mp: 148-150°C; (HRMS: Found [M+2(3-HOCH2C6H4N02)-2H20]^, 
531.1349. C27H23BCIN3O6 requires 531.1368); 8H (300 MHz; CD3OD) 4.19 
(2H, s, C//2-NH), 6.54 (2H, AA'BB'system. JAB 8.8 Hz highly second order, 
Ar/f), 6.96 (2H, AA'BB'system, JAB' 8.8 Hz highly second order, Ar/f), 7.08-
7.25 (4H, m, Ar/f); 8c (75 MHz; CD3OD) 50.8, 117.4 (2C), 124.8, 127.9, 130.0 
(4C), 132.9, 145.7, 148.7; m/z (FAB) 531.1 ([M+2(3-HOCH2C6H4N02)-
2H20f, 100%); 0 = 0.1921. 

14.4.6. Preparation of the (4-methoxy-phenyl)-(2-boronobenzyl) amine (5) 

2-Formylphenylboronic acid (200 mg, 1.33 mmol) was dissolved in a 
mixture absolute EtOH/Toluene (90/10) (25 ml) then p-anisidine (164 mg, 1.33 
mmol) was added to the solution. A Deans and Stark trap was fixed to the 
reaction vessel and filled with mixture of EtOH/Toluene (90/10) (25 ml). The 
reaction was heated under reflux overnight. After cooling, sodium borohydride 
(250 mg, 6.61 mmol) was added slowly to the mixture and stirred for 2 further 
hours at room temperature. 

The solvent was removed under reduced pressure. Water (40 ml) was added 
to the residue and the resulting solution was extracted with chloroform (3 x 40 
ml). The organic phases were combined, washed with brine (60 ml) and dried 
over MgS04. The solvent was then removed in vacuo and dried under high 
vacuum. The desired sensor 5 (192 mg, 56%) was obtained as a pale brown 
foam. 

Found: C, 69.8; H, 5.76; N, 5.94. C14H16BNO3-H2O requires C, 70.33; H, 
5.90; N, 5.86%; (HRMS: Found [M+2(3-HOCH2C6H4N02)-2H20f, 527.1858. 
C28H26BN3O7 requires 527.1864); 5H (300 MHz; CD3OD) 3.63 (3H, s, OC//3), 
4.24 (2H, s, C//2-NH), 6.72 (2H, AA'BB'system, JAB 9.2 Hz highly second 
order, ArH), 6.85 (2H, AA'BB'system, JA-B- 9.2 Hz highly second order, ATH), 
7.08-7.26 (4H, m, ArH); 5c (75 MHz; CD3OD) 54.5, 56.4, 116.1 (2C), 121.4 
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(2C), 128.1 (2C), 129.8, 132.4, 140.0, 145.0, 157.8; m/z (FAB) 527.2 ([M+2(3-
HOCH2C6H4N02)-2H20]^ 100%); 
0 = 0.0149. 

14.4.7. Preparation of the 2-(boronobenzyl)-naphthalen-l-yl-ainine (6) 

2-formylbenzeneboronic acid (0.20 g, 1.33 mmol) was dissolved in 
methanol (20 ml) and 1-aminonaphthalene (0.19 g, 1.33 mmol) was then added 
as a methanol (2 ml) solution. A drying tube was fitted and the reaction stirred 
at room temperature for 1 hour. Sodium borohydride (0.10 g, 2.66 mmol) was 
added slowly as a solid. After stirring for a further hour, the reaction mixture 
was poured on to ice-water (20 ml). A few drops of sodium hydroxide solution 
(1 M) were added to aid precipitation of the product. The precipitate was 
collected by suction filtration and dried in a dessicator to afford 6 (0.25 g, 68%) 
as an off-white solid: mp 74-77 T (dec); (HRMS: Found 547.1937, [M-2H2O 
+ 2 NOBA]^ C31H26BN3O6 requires 547.1915); 6 H ( 3 0 0 MHZ; CD3OD; Me4Si) 
4.52 (2 H, s, ArC//2-NHAr), 6.50 (1 H, d, 7 6.0, Ar-H), 7.10-7.49 (8 H, m, Ar-
H), 7.67-7,IS (1 H, m, Ar-H), 8.04-8.14 (1 H, m, Ar-H); 5c (75 MHz; 50% 
CDCl3-50% CD3OD; Me4Si) 50.4, 107.4, 119.5, 122.7, 125.9, 126.2, 127.0, 
127.6, 127.8, 128.2, 129.6, 130.1, 136.1, 145.3; m/z (FAB) 547 ([M-2H2O + 2 
NOBA]^ 100%). 

14.4.8. Preparation of the (2-boronobenzyl)-pyren-l-yl-amine (7) 

1-Pyrenemethylamine hydrochloride salt was added to aqueous NaOH (1 
M) solution. The mixture was stirred for 30 min and the precipitate was 
extracted with ether. The organic layers were combined, dried over MgS04, 
fdtered and evaporated to afford the product used in the next step. 

1-pyrenemethylamine (200 mg, 0.92 mmol) was dissolved in a mixture of 
THF/MeOH (50/50) (10 ml) and 2-formylphenylboronic acid (165 mg, 1.10 
mmol) was added to the solution. The solution was stirred at room temperature 
for 24 hours under nitrogen atmosphere. Sodium borohydride (125 mg, 3.30 
mmol) was added slowly to the mixture and stirred for 1 further hour at room 
temperature. Then the solvent was removed under reduced pressure. 

The residue was dissolved in chloroform (10 ml), washed with water (10 
ml) and dried over MgS04. The solvent was removed under reduced pressure. 
Precipitation from chloroform/n-hexane afforded sensor 7(151 mg, 47%) as an 
olive green powder. 

mp: 129-130°C dec; Found: C, 81.8; H, 5.16; N, 4.25. C23H18BNO2-
H2O+O.ICHCI3 requires C, 82.07; H, 4.81; N, 4.14%; (HRMS: Found [M+2(3-
HOCH2C6H4N02)-2H20]^ 621.2098. C37H28BN3O6 requires 621.2071); 6H (400 
MHz; CD3OD+CDCI3; Me4Si) 4.68 (2H, s, C//2-NH2), 7.24-7.48 (4H, m, Ar/f), 
7.71-8.17 (9H, m, ArH); 8c (100 MHz; CD3OD+CDCI3) 49.7, 120.3, 123.3, 
123.5, 123.7, 125.5, 125.8, 125.9, 126.0, 126.7, 127.6, 131.8, 132.3; m/z (FAB) 
621.2 ([M+2(3-HOCH2C6H4N02)-2H20]^ 100%). 
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GLUCOSE SENSING AND GLUCOSE 
DETERMINATION USING FLUORESCENT 
PROBES AND MOLECULAR RECEPTORS 
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15.1. ABSTRACT 

We summarize our previous and recent work on the use of fluorescent 
probes and of synthetic molecular receptors (including polymeric receptors and 
bead-immobilized receptors) for determination of glucose. The following 
approaches were made: (1) for enzyme-based quantitation of glucose in 
solution, the fluorescent probes were added to the sample solution along with 
glucose oxidase (GOx) and kinetics was followed over time. Specifically, the 
metal ligand complex Ru(sulfo-dpp)3 served as a water-soluble probe for 
oxygen, while the europium-tetracycline complex served as a probe for 
hydrogen peroxide; (2) for enzyme-based (continuous) glucose sensing, GOx is 
immobilized (along with indicator probes) on certain hydrogels which results in 
sensor layers that give an optical response to glucose via the indicator dye 
employed; (3) in an entirely different approach, a ruthenium-ligand complex 
with a boronic acid side group was synthesized and studied for its response to 
polyols and certain monosaccharides; (4) in yet another approach, a polymeric 
saccharide-responsive material was obtained by copolymerization of aniline 
with aniline boronic acid to give a copolymer with a near-infrared (600 - 900 
nm) optical response (in absorption); (5) the enzyme-based schemes 
subsequently were applied to lifetime-based imaging of the distribution of 
glucose and GOx. 
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15.2. INTRODUCTION 

Rarely has there been more literature on a single analyte than on glucose 
and its determination. Given the significance of glucose, this does not come as a 
surprise. It simply reflects the fact that glucose has to be determined in 
numerous samples including blood, other body fluids, in feed and food, juice 
and drinks, in dairy products and fruit. Moreover, glucose is the degradation 
product of numerous other species which may be converted into it so that by 
detecting the quantity of glucose formed the concentration of its precursor may 
be determined. Glucose usually is present in relatively high concentrations so 
that most (but not all) assays have been developed for a rather high 
concentration range. However, analytical methods for relatively small 
concentrations of glucose are needed as well, for example when analyzing body 
fluids that do contain low concentrations (such as tear and interstitial fluid), or 
because a dilution step is needed during sample preparation so that the initial 
concentration of glucose is significantly lowered. 

Fluorescent detection of glucose can be based on several approaches, some 
of which are presented here, and numerous others in further sections of this 
volume. Fluorescence (with its many parameters including fluorescence 
intensity, decay time, polarization, and its numerous assay formats that range 
from resonance energy transfer, time-resolved energy transfer to fluorescence 
fluctuation spectroscopy) and its various implementations (such as fiber optic 
and bead assays) are likely to remain among the most important detection 
approaches used for HTS due to their high sensitivity and amenability to 
automation. In terms of sensitivity, fluorescence correlation spectroscopy (FCS) 
is the method of choice. It combines maximum sensitivity with high statistical 
confidence. Chemiluminescence and bioluminescence (including 
bioluminescence resonance energy transfer) are known to be sensitive and to be 
applicable to both small and large volumes. 

Measurement of fluorescence intensity is widely used but has limitations 
since the fluorescence intensity of a given sample represents a non-referenced 
analytical signal that depends on several factors. This can be seen when looking 
at Parker's law which relates fluorescence intensity (F) with the intensity (IQ) of 
the exciting (laser) beam, the molar absorbance (e) of the label, the penetration 
length of the exciting beam (1), the quantum yield of the label (QY), and 
instrumental geometries (by introducing a geometrical factor k): 

F = I o - 8 l c Q Y k (1) 

Equation (1) only holds for solutions whose absorbances do not exceed -̂  
0.05 but this condition is often ftilfiUed in trace analysis or when using thin 
sensor films. As a result of the many variables, fluorescence intensity often 
depends on parameters other than concentration. If, for example, the light 
source fluctuates in intensity (7̂ ) or the geometry of the system is slightly 
changed (thereby affecting k), the fluorescence intensity will change even at 
constant concentration of a probe or a fluorescent analyte.^ 
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So-called self-referenced methods provide a solution to this limitation. 
Among these, fluorescence polarization and fluorescence resonance energy 
transfer (FRET) are particularly useftil. In the first, the analytical signal is 
referenced to the plane of the exciting beam of polarized light. In the second, 
the ratio of the fluorescence intensities of two fluorophores at a single excitation 
wavelength is related to analyte concentration. Fluorescence polarization assay 
(FPIA) requires labeling of a single glucose receptor only. It has its strength 
when detecting changes of molecular mass following a binding event. Glucose, 
however, is a rather small molecule and antibodies are hardly accessible. FRET, 
in contrast to polarization, requires both binding partners of an affinity assay to 
be labeled. Competitive glucose assays employing the FRET scheme have been 
reported in which a species competing with glucose for a specific binding site 
(such as concanavalin) have been labeled along with the receptor.^' ^ The need 
for double labeling is a major drawback of FRET assays even though they are 
quite versatile in that they can be based on measurement of either fluorescence 
intensity or decay time. 

A fairly new self-referenced scheme is referred to as dual luminophore 
referencing (DLR).^ Here, the luminescence of a first luminophore is related to 
that of an added reference fluorophore having a much longer decay time, and 
changes in intensity are converted into a phase shift when using a sine-
modulated excitation source. In this method the phase shift of the emission is 
related to the respective excitation signal. A schematic of this approach is 
shown in Fig. 15.1. It is mandatory in this method that the excitation and 
emission spectra of indicator dye and of reference dye have at least some 
overlap. 

Fluorescence decay time is a most attractive parameter in being self-
referenced. It is preferably determined in either the time domain or the 
fi"equency domain^ and has been used - as will be shown - in optical sensors 
and in imaging schemes where the respective indicator probes change their 

135 180 225 360 

Figure 15.1. Concept of frequency-domain dual-lifetime referencing (DLR). The overall signal is 
the total of the prompt fluorescence of the indicator (which is affected by the analyte) and the 
delayed phosphorescence of the reference dye (usually in the form of beads). The phase angle (Om) 
reflects the ratio of the amplitudes of the two components. Oref is the phase angle of the of the 
reference dye; Oind the phase of the of the indicator dye. 
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lifetime in response to pH or the concentration (or partial pressure) of oxygen. 
Indicator probes based on metal ligand complexes have found particular 
interest. Most ruthenium and iridium complexes, for example, have decay times 
in the îs to ms range and also display longwave emissions. Due to their long 
decay times, gated assays also have been reported, but these are intensity-based 
(rather than lifetime-based) schemes, and thus they are not self-referenced. The 
majority of self-referenced sensing schemes still are based on measurement of 
fluorescence intensity at two excitation or two emission wavelengths. 

In summary, there are several methods for obtaining analytical signals in 
sensing glucose. Intensity is considered to be an error-prone parameter since it 
is affected by all too many variables. Decay time is clearly superior. Time-
resolved assays can significantly reduce short-lived background fluorescence 
but require probes with long decay times. These usually are metal-ligand 
complexes derived from ruthenium or europium (see later). DLR is another and 
superb method for referencing signals but requires (a) the availability of 
reference beads of well defined and largely different decay time, and (b) the 
fraction of these beads/luminophores to remain strictly constant. 

Glucose has been determined in the overwhelming majority of cases by 
making use of the enzyme glucose oxidase. However, dehydrogenases also have 
been used for optical sensing of glucose. When glucose dehydrogenase oxidizes 
glucose, the coenzyme NAD^ is converted into NADH which has a fairly strong 
fluorescence at around 450 nm if excited at 365 nm. The increase in 
fluorescence over time is the analytical information that can serve to determine 
glucose."^ This assay is irreversible unless NADH is recycled to NAD^. 
Unfortunately, the background fluorescence of most biological matter if excited 
at 365 nm is fairly strong, as is its luminescence at 450 nm. A lifetime scheme 
for the NADH method has not been demonstrated so far. 

Approaches to sense glucose via measurement of the intrinsic optical 
properties of glucose (such as optical rotation or NIR absorption) have had 
mixed success. Glucose, in being chiral, may be determined via its specific 
optical rotation but this scheme is hardly applicable to serum and other biofluids 
with their numerous chiral interferents. Glucose also has very characteristic 
absorption bands in the (near) infrared but this approach - even though pursued 
with large effort in the late 1990s in order to obtain a non-invasive glucose 
sensor - turned out to be compromised by "trivial" factors such as interferences 
by variable skin structure and a high individuality in the permeability of skin 
and tissue for NIR light. The approach based on the intrinsic absorption and 
fluorescence of the coenzyme FAD will be discussed later. 

15.3. DETERMINATION OF GLUCOSE VIA GOx AND 
FLUORESCENT MOLECULAR PROBES 

Oxidase-based sensing of glucose^ is based on the following reaction 
catalyzed by the enzyme glucose oxidase (GOx): 
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glucose + O2 + H2O ^—> gluconolactone + H2O2 (2) 

gluconolactone + H2O > gluconate + H^ (3) 

When looking at the two reactions one can see that glucose can be sensed 
by one of the following schemes (provided the activity of GOx remains 
constant): 

1. measurement of the consumption of oxygen 
2. measurement of the production of hydrogen peroxide 
3. measurement of the production of protons 

Either approach has been investigated and successfully applied, some even 
in commercial products. 

15.3.1. Determination of Glucose via Dissolved Glucose Oxidase and 
Changes in pH 

Measurement of changes in pH is simply accomplished by adding a pH 
indicator to the sample solution and monitoring the decrease in pH due to the 
activity of GOx over time. The approach is limited because very often the initial 
pH and the buffer capacity of the sample (which affects the change in pH) are 
unknown. If however, the sample is diluted adequately (with a buffer of defined 
pH and ionic strength), the assay is fairly practicable and reproducible, albeit at 
the expense of the limits of detection.^^ 

15.3.2. Determination of Glucose via Dissolved Glucose Oxidase and 
Measurement of the Consumption of Oxygen 

Rather than measuring the formation of protons as described in 2.1., one 
may optically detect the consumption of oxygen in a glucose solution to which 
glucose oxidase (GOx) was added. Various probes have been reported whose 
fluorescence (phosphorescence) is quenched by molecular oxygen, many of 
them being excitable in the UV (for example pyrene) which however is 
disadvantageous since UV excitation causes substantial fluorescence 
background from most biological matter. In the worst case, the sample has an 
optical density so high that exciting UV light does not reach the fluorescent 
probe, or that emitted fluorescence is strongly reduced or even eliminated due to 
an inner filter effect. Probes with longwave absorption, in contrast, are well 
suited for this purpose as shown in work by Sasso et al.^ and Vanderkooi et 

Most oxygen probes suffer, however, from poor solubility in the (usually 
aqueous) sample solution. We prefer to use ruthenium(II)tris-
bathophenanthroline, referred to as Ru(sulfo-dpp)3, as a water-soluble 
luminescent probe for oxygen. As can be seen from Fig. 15.2, it contains a 
classical ruthenium-tris-phenanthroline fluorophore that bears six sulfo groups 
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Figure 15.2. Chemical structure of ruthenium(II)-tris-bathophenanthroline-hexasulfonate dichloride 
hexasodium salt, Ru(sulfo-dpp)3 , a highly water-soluble, easily accessible and strongly luminescent 
probe for oxygen. 

which render it water-soluble. Its luminescence (peaking at 607 nm) is 
efficiently quenched by oxygen. 

If Ru(sulfo-dpp)3 is added to a solution containing GOx, and glucose 
samples are also added in various concentrations, oxygen is consumed due to 
enzymatic action and this results in less quenching of luminescence. Fig. 15.3 
shows the kinetics of the response to two concentrations of glucose. This is a 
very straightforward approach which - in our experience - works both in 
cuvettes and micro titer plates. One limitation consists in the diffusion of 
ambient oxygen into the wells of the microplates which becomes significant 
after a few tens of minutes. A second limitation (of oxygen-based detection 
schemes in general) is based on the varying background of oxygen in samples. 
This may be overcome by using a large excess of air-saturated buffer solution, 
or by compensating variable oxygen background by determining it 
independently (by the same protocol but without adding GOx). 

15.3.3. Determination of Glucose via Formation of Hydrogen Peroxide 

Determination of glucose via the hydrogen peroxide formed by GOx-
assisted oxidation of glucose has the unique advantage of measuring an analyte 
(H2O2) against a "dark" background since H2O2 almost never forms an 
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Figure 15.3. Time course of the luminescence of a 2.8 |iM solution of Ru(sulfo-dpp)3 also 
containing 72.6 |xU/mL of GOx and being (a) 92 mmol in glucose, and (b) 138 mmol in glucose. 
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undesired background in samples including beverages and blood. However, in 
case of the latter, the absence of catalase (that will decompose H2O2) must be 
warranted. H2O2, in being a strong oxidant, is capable of oxidizing leuco dyes to 
their colored forms, and the formation of a colored species can be used as the 
analytical information in a kinetic assay. 

In fact, chromogenic reactions form the basis for numerous (partially 
commercialized) glucose test strips. Chromogenic indicators for H2O2 include 
phenols and naphthols^^ phenylenediamines and benzidines,^^ antipyrine,^^' ^^ 
hydrazonobenzo-thiazolones,^^' ^̂  bromopyrogallol,^^ and others.^^ These are 
sometimes referred to as Trinder reagents.̂ ^~^^ The same reagents also are 
widely used in photometric glucose assays, and of course may be used in all 
kinds of oxidase-based bioassays. 

Fluorogenic indicators are less common in practice but more sensitive and 
selective. Reagents for detection of enzymatically formed hydrogen peroxide 
include 3,4-dihydroquinolones, 3,4-dihydrocoumarins, and o-
hydroxyphenylfluorone,^^ variamine blue,^^ p-hydroxyphenylacetic acid̂ "̂ , and 
its Tb^^-EDTA complex,^^ homovanillic acid,^ '̂ ^̂  tyramine and 3-(p-
hydroxyphenyl) propionic acid,̂ ^ aluminum aminophthalocyanines, and various 
porphyrins, resorufin,^^' ^̂ , and 10-acetyl-3,7-dihydroxyphenoxazine (Amplex 

The Amplex Red and Amplex Ultra Red reagents can be used in coupled 
enzymatic reactions to detect the activity of many different enzymes, or, when 
the substrate concentration is limited, to assay solutions for metabolically active 
constituents such as glucose. These reagents are fluorogenic substrates with low 
background color or fluorescence. A kit for determination of either glucose or 
glucose oxidase is commercially available. It can quantify glucose levels as low 
as 3 |LiM or 0.5|ig/mL.^^ 

A recently described assaŷ "̂  makes use of a new - and what appears to be 
first - reversible fluorescent probe for hydrogen peroxide, europium(III) 
tetracycline (EU3TC). EU3TC is weakly fluorescent and forms a 15 times more 
strongly fluorescent complex with hydrogen peroxide (referred to as EU3TC-
HP). In addition to the change in intensity, the average decay time of EU3TC-HP 
is around 60 ^s, while that of EU3TC is 30 |xs only. Given this relatively long 
decay time, the fluorescence of EU3TC-HP can be detected in the time-resolved 
mode. The probe is added to the solution along with GOx, and the increase in 
fluorescence intensity (or the fraction of the slow-decaying component) is 
related to the concentration of glucose. Glucose can be determined at levels as 
low as2.2 [imol L"^ 

This scheme - though highly pH dependent - represents the first H2O2-
based time-resolved fluorescence assay for glucose not requiring the presence 
of a peroxidase. The method also was adapted to higher glucose levels and 
applied to spiked serum samples (with glucose levels from 2.5 to 55.5 mmol L~ 
^). Features of the assay include easy accessibility of the probe, large Stokes' 
shift, a line-like fluorescence peaking at 616 nm (see Fig. 15.4), and a working 
pH of ~7. Figure 15.5 gives a typical calibration graph for glucose. 
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Figure 15.4. Absorption spectra (left side) and emission spectra (right side) of the system glucose 
oxidase/EusTC before addition of glucose (A) and after its addition (B) which leads to formation of 
the EU3TC-HP complex. From ref 35. 
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Figure 15.5. Calibration graph for the determination of glucose using dissolved GOx as the 
enzyme and dissolved EU3TC as the luminescent probe for enzymatically formed hydrogen 
peroxide. The assay was adjusted to match serum glucose levels but may be also be used for 
quantifying much smaller concentrations. From ref. (34). 

15.4. CONTINOUS SENSING OF GLUCOSE USING FLUORESCENT 
SENSOR MEMBRANES 

So far, methods have been described for determination of glucose in 
solution using indicators and enzymes in dissolved form. In order to save 
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reagents, but in particular in order to enable continuous sensing of a sample 
passing by, the reagents may also be immobilized on an adequate polymer, and 
this results in glucose-sensitive sensor layers. The materials the sensors are 
made of may as well be deposited at the end of a fiber optic waveguide,^^ an 
integrated waveguide, or a capillary.^^ 

While the same indicators and enzymes can be used that were found to be 
applicable to solution assays, the polymer must be selected carefully. In case of 
oxygen transduction, the choice of materials is particularly critical in that 
polymers for oxygen sensors typically are highly hydrophobic, whilst the 
polymers onto which GOx have been immobilized usually are hydrophilic. 

Polymers most often applied in oxygen transducers for use in glucose 
biosensors include 1- and 2-component silicones, sol-gels, and ormosils such as 
co-condensates of phenyl-trimethoxysilane and tetramethoxysilane, ethyl 
cellulose, and polystyrene. These are predominantly hydrophobic and therefore 
good solvents for most oxygen probes. Typical hydrophilic (and sometimes 
cross linked) polymers include polyacrylamides, polyurethanes, poly(vinyl 
pyrrolidones), and certain copolymers. We (and others) find polyurethanes such 
as the D4 hydrogels and the polyacrylamide-polyacrylonitrile copolymers 
particularly useful.̂ ^ Celluloses, dextranes, and synthetic poly-hydroxylated 
hydrogels have been applied as well. Domain polymers such as the one shown 
in Fig. 15.6 have found applications in many pH and ion sensors and in 
commercial instrumentation ^ since the material is biocompatible, has a very 
high water uptake (up to 89%), and is capable of retaining certain indicator dyes 
even without covalent immobilization. 

15.4.1. Sensing Glucose via pH Sensor Layers Using Immobilized GOx 

By immobilizing GOx onto sensors layers that respond to changes in pH, a 
glucose sensor with a pH transducer was obtained."*^ The layer was fixed at the 
end of an optical light guide to result in a fiber optic sensor capable of detecting 
0.1 to 3 mM of glucose. Buffer capacity must be carefully controlled, however, 
since this heavily affects the total pH change observed. Table 15.1 gives an 
overview of pH sensors that have been used (or may be used) as transducers in 
enzyme-based glucose biosensors. 

An alternative approach to sensing pH relies on the use of pH indicators 
dissolved in hydrophobic (rather than hydrophilic) matrices, for example 
plasticized PVC. In this case, a proton exchange-facilitating carrier such as 
tetraphenyl borate is added which assists in carrying the proton into (and out of) 

CO 
1 

NH2 

CO 1 
NH2 

CO 1 
NH2 

hard blocks soft blocks 
Figure 15.6. Chemical structure of poly(aciylonitrile)-co-poly(acrylamide) (= Hypan^'^), also 
showing the hard block and soft block segments. The material is well suited for sensing ionic and 
water-soluble organic species using appropriate indicator dyes. 
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Table 15.1. Composition and properties of typical pH sensitive and 
predominantly hydrophilic materials which along with immobilized glucose 
oxidase may be used for continuous sensing of glucose using via pH 
transduction 
no. pH indicator polymer excitation/emission operational ref 

wavelength pH range 
1 sodium sol gel 490/518 nm 5 - 9 41 

fluorescein 
2 chlorofluorescein polyurethane 470/525 nm 5.2-8.5 42 

octadecyl ester hydrogel (D4) 
3 HPTS ion exchange 408,468/515 nm 6.2-8.8 43 

resin beads in 
hydrogel 

4 HPTS polyacrylamide 460/520nm 4 - 9 44 
film 

5 N9 (azo dye with cellulose 460 and 590 nm 5 - 9 45,46 
reactive vinyl acetate or (2X,-reflectometry) 
group) hydroxy-

polyurethanes 
6 phenol red polyacrylamide 540 and 630 nm 6 -8 .5 47 

beads (2X,-reflectometry) 

the plasticized PVC, thus resulting in protonation/deprotonation of the dye 
contained in a hydrophobic membrane. A typical composition of such a 
membrane is 33 % PVC, 66 % of trioctyl phosphate (or long-chain and 
branched esters of certain organic acids), 0.5 - 0.9 % of potassium tetrakis(4-
chlorophenyl) borate (these materials are commercially available), and 0.5 - 0.1 
% of a protonable or deprotonable dye (see Fig. 15.7). PVC/plasticizer-soluble 
porphyrins also have been used for photometric and fluorescent sensing of pH."̂ ^ 
The dynamic range of such sensors can be adjusted over a rather wide range by 

CIO? \ / V x ^ X y ^ ^ \ 

Figure 15.7. Chemical structures of deprotonable lipophilic dyes for use in pH sensors. Top: 
MEDPIN (used in ethyl cellulose membranes; color change from red to blue). Bottom left: KFU 
111 (color change form orange to blue. Bottom right: oxazine ETH 5350 (color change from blue to 
red). 
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varying the ratio of PVC and plasticizer, and by the fraction of tetraphenyl 
borate added: Unlike the other dyes, the Nile Blue derivative fluoresces with a 
quantum yield of ~25 %. 

Polyaniline (PANI) represents a rather unusual but easily manufactured 
material for use in reflectometric sensing of pH. Its best analytical wavelengths 
are between 600 and 1000 nm (!). PANI has been shown to be useful for 
sensing glucose via the changes in the pH caused by enzymatic oxidation and 
hydrolysis."^^ 

15.4.2. Sensing Glucose via Oxygen Sensor Membranes 

Transduction by sensing oxygen has the advantage of having available a 
highly reliable sensor type and being dependent on a single variable only 
(unlike pH transduction which also depends on buffer capacity and ionic 
strength). However, oxygen forms a strong and variable background in blood 
and - in the worst case - can become the rate-determining parameter in reaction 
(2). 

While the feasibility of sensing glucose has been described already in 
1983^ ,̂ these approaches suffered from incompatibility with low cost light 
sources such as light-emitting diodes (LEDs). Following the discovery of more 
longwave oxygen probes the way was paved for making the vision of reversible 
optical glucose sensing come true. The discovery of decacyclene as a sensitive 
probe for oxygen led to a glucose sensor with excitation/emission wavelengths 
of 430/500 nm.̂ '̂ ̂ ^ GOx was covalently immobilized on a nylon membrane or 
on carbon black, and the consumption of oxygen was measured by following, 
via fiber optic bundles, the changes in the fluorescence of decacyclene which 
was made silicone-soluble by butylation). The oxygen probe was dissolved in a 
very thin silicone membrane placed beneath the enzyme layer. The analytical 
ranges cover the clinical range (0.1 to 20 mM). A thin layer of carbon black 
acted as an optical isolation in order to prevent ambient light and sample 
fluorescence to interfere. 

In 1986 the ruthenium-ligand complexes were discovered to be viable 
oxygen probes that are compatible with the blue LED as a light source.^^ This 
finding was immediately transferred to glucose sensing.̂ "^ Specifically, 
ruthenium(II)-tris-(l,10-phenanthroline) was adsorbed onto silica gel, and the 
resulting material incorporated into a silicone matrix and covered with a layer 
of polymer-immobilized GOx. The resulting sensor responded to glucose in 
concentrations from 0.06 to 1 mM glucose. The range may be fine-tuned to 
clinical levels by proper choice of the polymers used. The sensor finds 
application in Osmetech's clinical glucose analyzer (www.osmetech.com), 
except that the ruthenium(II)-tris-(diphenyl-phenanthroline) complex (which 
has a better quantum yield) is used as a probe for oxygen. 

Sol-gels represent an interesting matrix material for sensing purposes 
because of their specific network which is capable of retaining molecules 
having a diameter larger than 1 nm. The chemical and physical structure of 
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Figure 15.8. Chemical structure of a segment of a hydrophobic (chloroform-soluble) ormosil made 
by hydrolysis and polycondensation of phenyltrimethoxysilane with methyl-trimethoxysilane, 
followed by endcapping of terminal hydroxy groups with trimethylsilyl (-SiMcs) groups. Indicator 
dyes can be entrapped into such microdomains. Obviously, there is ample space for chemical 
ingenuity in sol-gel based material sciences. 

sol-gels varies substantially, depending on the reaction conditions applied during 
polycondensation of tetraalkoxysilanes of the type Si(0R)4. Moreover, 
organically modified sol-gels may be produced that are derived from precursors 
of the general structure R'-Si(OR)3, or R'R"-Si(0R)2, where R' and R" denote 
alkyl or aryl substituents. Obviously, sol-gels can come in a large variety. Fig. 
15.8 gives the structure of a typical ormosil that turned out to be useful in 
sensing oxygen^^ and glucose, respectively. 

In a typical approach made to sense glucose, various types of thin-film 
glucose biosensors were prepared^^ by different methods for immobilizing the 
oxygen probe and the enzyme GOx. Specifically, three combinations of oxygen 
transducer and sol-gel immobilized GOx were found to be quite useful. In the 
first, GOx was sandwiched between a sol-gel layer doped with Ru(dpp) and a 
second sol-gel layer composed of pure sol-gel (the sandwich configuration). In 
the second, a sol-gel layer doped with Ru(dpp) was covered with sol-gel 
entrapped GOx (the two-layer configuration). In the third, both GOx and a sol-
gel powder containing GOx were incorporated into a single sol-gel phase (the 
powder configuration). In all cases, it was found to be essential to add sorbitol 
which results in a more porous sol-gel in which diffusion is not impaired. 

Oxygen, in being present in almost any practical sample, forms a 
background which also contributes to the quenching of the fluorescence of the 
probe even though it is not related to glucose concentration. If oxygen partial 
pressure varies (which is often the case in practice), this background must be 
taken into account, preferably by sensing oxygen via a second sensor 
(containing no GOx). Equations can be derived which describe the response of 
such sensors, how the effect of varying oxygen supply can be compensated for 
by making use of two sensors, one sensitive to oxygen only, the other to both 
oxygen and glucose, and how such sensors can be calibrated using 2 calibrators 
only.̂ ^ 
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Table 15.2. Composition and properties of typical oxygen-sensitive fluorescent 
materials considered to be applicable to glucose sensing using GOx. 
no. oxygen indicator polymer excitation/emission quenching ref 

wavelength efficiency^ 
1 

2 
3 

4 

5 

6 

7 

8 

Ru(phen)^ on 
silica 
nanoparticles 
Ru(phen) 
Ru(dpp)(TMPS)2' 

Ru(dpp)(TMPS)2 
orRu(dpp)(LS)2' 

Pt tetrakis(penta-
fluoro-phenyl)-
porphyrin 
PdOEP and 
PtOEP'* 
metallo-
ketoporphyrins 
Pb(sulfo-
oxinate)2 

suspended in 
silicone 

polyacrylamide 
made from 
Ph-Si(OEt)3 and 
Si(OMe)4 
(a) ethyl 
cellulose, 
(b) polystyrene 
(PS) 
polystyrene 

PS-co-
fluoroacrylate 
in polystyrene 

onion 
exchanger 

455/615 nm 

455/612 
455/620 nm 

455/620 nm 

541/650 nm 

535/645 nm 
546/664 nm 
630/680 nm 

385/625 nm 

2.4 

1.6 
1.6 

1.8-2.0 

1.9 

-
-
5-10 

2.8 

54 

57 
55, 
58 

59 

60 

61 

62 

63 

* expressed as the ratio of signals under nitrogen and air (lo/Iair)-
'' Ru(phen) stands for ruthenium(II)-tris(l,10-phenanthroline) 
"^ Ru(dpp) stands for ruthenium(n)-tris(diphenyl-phenanthroline) 
d PdOEP and PtOEP stand for palladium-octaethylporphyrin and platinum octaethylporphyrin 

The sensor layers described before have thicknesses ranging from 2 to 10 
|Lim. Films may be much thinner (this resulting in much faster response times), 
however at the expense of signal intensity and signal-to-noise-ratio. An optical 
glucose biosensor was constructed on the basis of a Langmuir-Blodgett film^"^ 
into which lipophilic fluorescent probes for oxygen or pH were incorporated. 
Co-immobilization of GOx results in an optical response to glucose since the 
surface pH is lowered in presence of glucose, and the oxygen partial pressure as 
well. LB layer sensors are easily prepared, have a well-defined thickness, and 
usually have quite short response times. The LB bilayers used in these 
experiments are, however, prone to mechanical deterioration and give poor 
signal-to-noise ratios. Solutions to these limitation will include the use of 
polymeric lipid membranes, of evanescent wave techniques for gathering more 
intense signals, and the coupling of LB techniques to waveguide technologies 
which enable multiple sensor-light interactions. 

15.4.3. Sensing Glucose via Sensor Layers for Hydrogen Peroxide 

Equation (2) indicates that glucose can be sensed via the hydrogen peroxide 
(HP) formed as a result of enzymatic action. HP has the advantage of not 
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forming a background in the vast majority of samples. While HP is the species 
that causes the coloration of commercial but irreversible test strips to occur, 
optical and continuous (reversibly responding) sensors for HP are scarce. An 
indirect sensing scheme has been proposed that exploits the catalytic 
decomposition of HP to form water and oxygen^^ but has not been adapted to 
glucose sensing so far. 

A reversible optical sensor membrane for hydrogen peroxide was reported 
only recently. It uses an immobilized fluorescent probe and has successfully 
been employed in a GOx-based glucose biosensor.^^ The HP probe europium 
tetracycline (EU3TC) was incorporated, along with GOx, into a 
polyacrylonitrile-co-polyacrylamide (Hypan) polymer matrix.^^ Upon optical 
excitation with 400-nm light, the EU3TC in the membrane displays fairly strong 
fluorescence peaking at 616 nm. Its intensity increases up to 3-fold once the 
sensor is exposed to solutions containing HP from GOx activity (Fig. 15.9). The 
effect is reversible and thus can be used for continuous sensing of glucose in 0.1 
to 5 mM concentrations. The largest signal changes are observed at 
physiological pHs. Phosphate and citrate interfere, however, as do Cu(II) ions 
which quench the fluorescence of EU3TC. The scheme will be presented in more 
detail later in the Imaging Section. 

15.5. SENSING GLUCOSE VIA METAL-LIGAND COMPLEXES WITH 
A BORONIC ACID AS THE RECOGNITION SITE 

Boronic acids are capable of specifically recognizing simple polyols and -
in particular - saccharides.^^' ^̂  We have exploited this finding by designing 
what turned out to be the first metal-organic probe for saccharides.^^ 
Specifically, a ruthenium metal-ligand (ML) complex was endowed with a 
boronic acid side group to give the saccharide probe whose chemical structure 
is given in Fig. 15.10. Its design was based on the need for (a) an LED-
compatible and long-lived luminophore and (b) a binding site for glucose that 
affects luminescence. Boronic acids have been shown to bind to saccharides 
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Figure 15.9. Time trace of the response of an enzymatic glucose biosensor based on an optical 
sensor for hydrogen peroxide. The tooth measured after about 2500 s is due to an air bubble. From 
ref 66. 
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(PFg)2 

Figure 15.10. Chemical structure of a molecular receptor for glucose consisting of a boronic acid 
binding site and a ruthenium-ligand complex whose luminescence intensity and decay time is 
modulated by the binding process. From ref 69. 

with some selectivity. The molecular sensor is designed such that binding 
causes an excited state electron transfer from the nitrogen atom to the closely 
located boron atom. This process is called photo-induced electron transfer 
(PET). The nitrogen atom, in turn, modulates the luminescence of the ML probe 
by reducing its luminescence intensity and decay time. Like in other 
monoboronic acids, the response to fructose is stronger than to glucose in case 
of a single and sterically not optimized receptor. Diboronic acids are more 
specific and more responsive to glucose. 

15.6. SENSING GLUCOSE VIA THIN FILMS OF ORGANIC 
CONDUCTING POLYMERS (OCPs) 

Organic conducting polymers (OCPs) are obtained by chemical or 
electrochemical polymerization of organic monomers such as anilines, pyrroles 
or thiophenes. They occur in various forms depending on their molecular 
structure and display highly pH dependent electrical conductivity and 
absorption spectra. The spectral changes with pH occur in the near infrared 
range and may be used to monitor pH but also acidic gases such as HCl, SO2, or 
ammonia.^^ OCPs usually are deposited on solid supports such as electrodes, 
organic semiconductors, indium-tin oxides (ITOs), or on optically inert plastic 
materials. 

While most authors have used unsubstituted aniline to make PANI, it has 
been demonstrated that the range over which PANIs respond to pH can be 
varied to a wide extent by making use of substituted anilines.^^ Even better 
results were obtained^^ with a composite OCP built up from Prussian Blue and 
N-substituted polypyrroles. The resulting fully transparent, bright blue films are 
composed - in essence - of Prussian Blue incorporating a network of 
polypyrrole. It is sensitive to pH in the pH 5 - 9 range, with the largest spectral 
changes occurring at 720 nm. On covalent immobilization of certain enzymes, 
the respective biosensors are obtained. Methods of enzyme immobilization 
(using bifunctional crosslinking reagents) were optimized, and best results are 
obtained using the one-step carbodiimide method which results in highly active, 
stable and transparent biosensor films that allow optical and continuous 
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determination of the respective substrates in the millimolar concentration range. 
Specifically, urease, acetylcholinesterase, trypsin and chymotrypsin were 
investigated. 

OCPs not only respond to pH but also to oxidants such as hydrogen 
peroxide. We have coated the wells of microtiter plates with polyaniline layers 
and with layers of polyaniline/GOx."^^ The resulting wells can be used directly 
for enzymatic determination of glucose, either via pH or via hydrogen peroxide. 
Analyte detection is based on monitoring the absorption spectra of the 
polyaniline, which turn purple as a result of redox processes, or green on 
formation of acids by enzymatic reactions. Hydrogen peroxide (a species 
produced by all oxidases) and glucose (which yields protons on enzymatic 
oxidation) have been determined in the millimolar to micromolar concentration 
range. 

The combination of the boronic acid receptor scheme with the technology 
of OCPs resulted in the design of a polyaniline with a near-infrared optical 
response to saccharides.^^ The material was obtained by copolymerization of 
aniline and 3-aminophenylboronic acid and was deposited in the wells of a 
micro titer plate. It represents a new type of sugar-binding polymer film whose 
absorption spectra between 500 and 800 nm undergo large changes on addition 
of saccharides including saccharose, fructose, glucose, sorbitol, mannitol, and 
glycerol at neutral pH. The spectral shifts depend on the concentration of the 
saccharides and - most notably - are fully reversible, thus allowing continuous 
sensing. Such films represent an interesting altemative to enzyme-based glucose 
sensors because of their ease of preparation, compatibility with LED and diode 
laser light sources, and their thermal and temporal stability. The unspecific 
response implies, on the other hand, that OCPs are not very selective, but there 
are numerous situations where interfering analytes are unlikely to be present. 

Polyaniline with boronic acid substituents 

HC 
HO"' 

generic polyol 

Figure 15.11. Changes in the interaction between two layers of poly(anilineboronic acid) on 
binding to a polyol. The phenylene/quinone-imine moieties are indicated by grey circles, the polyols 
by black circles. On binding a saccharide, two hydrogen bonds disappear, and the electronic 
interaction between electron-deficient boron atoms and electron-rich nitrogen atoms is changed. 
Fromref. 73. 
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Alternatively, use may be made of so-called artificial neural networks that 
enable the unspecific response of a set of sensors to be analyzed such that one 
or more analytes may be quantitated rather precisely. 

15.7. SENSING GLUCOSE VIA OXYGEN-SENSITIVE 
NANOPARTICLES 

In one of the earliest papers on the use of nanoparticles in optical sensing, 
zeolite Y nanocrystals were used̂ "̂  as cavities for luminophores. The interior of 
the zeolite was first ion-exchanged with ruthenium(III)-chloride. Subsequently, 
the ligand 2,2'-bipyridyl (bipy) was allowed to diffuse into the cavities. Thus, 
the fluorescent oxygen probe Ru(bipy)3^^ was prepared inside the zeolite 
supercages from which it could not escape due to its size. It was found - with 
some surprise - that both the efficiency of quenching by oxygen and the long-
term stability of the material were significantly improved. These crystalline 
nanoparticles, when incorporated into a polyurethane membrane that was 
soaked with a solution of GOx and subsequently cross linked with 
glutaraldehyde, report any changes in oxygen tension (as caused by enzymatic 
action) with very high sensitivity. 

15.8. SENSING GLUCOSE VIA THE INITRINSIC FLUORESCENCE 
OF GLUCOSE OXIDASE 

Glucose oxidase (GOx) has a fairly strong intrinsic green fluorescence 
which is characteristic of all enzymes having FAD or FMN as a coenzyme.^^ 
The fluorescences of FAD and its reduced form (FADH2), respectively, have 
different quantum yields and decay times (double-exponential and in the 2 - 3 
ns time domain). These findings have resulted in a reversible glucose biosensor 
that is based on the intrinsic fluorescence of GOx.̂ '̂̂ ^ The fluorescence of GOx 
(which can be excited at 450 nm and is measured at >500 nm) changes during 
interaction with glucose. The response is fully reversible because oxygen is 
accepted as a second substrate. The very specific feature of this kind of sensor 
relies on the fact that the recognition element is identical with the transducer 
element. The changes also occur in fluorescence polarization.^^ 

In order to construct such a fiber optic glucose biosensor, solutions of GOx 
were entrapped at the end of a fiber using a semipermeable membrane which 
retains the enzyme, and fluorescence intensity was continuously recorded. 
Another specific feature of this sensor is the rather small glucose concentration 
range (typically 1.5-2 mM glucose) over which the foil signal change does 
occur. Response times of 2 - 30 min and regeneration times of 1 - 10 min are 
observed. To achieve an extended analytical range (e.g. 2 . 5 - 1 0 mM) and 
shorter response times, kinetic measurements are suggested. Like sensors based 
on transduction of oxygen, this sensor also depends on oxygen supply since 
oxygen is the substrate for the back reaction (i.e. the oxidation of FADH2). 
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15.9. IMAGING TECHNIQUES FOR GLUCOSE AND GLUCOSE 
OXIDASE 

Classical sensing schemes were limited to a single site of sampling and/or 
sensing. This is more than adequate for many situations, in particular where 
legal requirements define the site of measurement. More recently, the 
availability of planar optical sensors (rather than optical fiber-based) sensors 
has paved the way for sensing parameters over certain areas, a technique 
referred to as (chemical) sensing imaging. Typical examples include imaging of 
oxygen in cancer research and therapy^^ and in microcirculation studies,^^ but 
also the testing of airplanes or racing cars in wind tunnels (since oxygen 
contributes to the total air pressure). 

In sensing imaging, a sensing layer is placed in close contact to the sample 
to be imaged, or even sprayed onto the area of interest. Other important objects 
which can be imaged are microwell plates or sensor microarrays. All wells of a 
microplate or the sensor spots of a microarray format can be excited 
simultaneously and read out by a CCD-based detector in parallel, which turns 
imaging to an important method in high-throughput screening (HTS).^^ 

In time-resolved fluorescent imaging, the area to be analyzed is illuminated 
(excited) with a pulsed light source (usually a set of LEDs), and fluorescence is 
collected by a CCD camera. One serious limitation in fluorescence imaging 
results from inhomogeneities of the light field and of the sensor layer (e.g. 
thickness and probe distribution). Therefore, methods based on the 
measurement of luminescence decay time like RLD (rapid lifetime 
determination) ' or PDR (phase delay ratioing) are superior to intensity-
based imaging in bioanalytical applications since they are independent of 
variation of indicator concentration in the sensing layer (as outlined in section 
15.1). In order to facilitate the technical effort, probes with long decay times are 
preferred since decay times in the order of 1 -100 jis allow the modulation 
frequency of the LED and the synchronized CCD detector to be as low as 20 -
50 kHz. 

PDM PDta 
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I ' 1 
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Figure 15.12. Schematic representation of the time gates applied in the phase delay rationing (PDR) 
imaging mode. Image PDI 1 is obtained during excitation of the probe [EU3TC] between 30 and 80 
^s; image PDI 2 is taken in the decay phase in a time window between 130 and 190 [is. 
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Figure 15.13. Time course of the data acquisition process. The images for the different gates (PDI 
1, PDI 1 dark, PDI 2, PDI 2 dark) are acquired one after the other, added (stacked) and averaged 
separately. After subtraction of background ("dark pictures"), the ratio RPDR is calculated. 

15.9.1. Time-Resolved Imaging of Glucose via Enzymatically Produced 
H2O2 

Time-resolved fluorescent sensing imaging of glucose was first 
demonstrated by means of a sensor membrane containing a hydrogen peroxide 
transducer.^^ Unlike in case of transduction via oxygen or pH, this method has 
the advantage being free of a background, since hydrogen peroxide is not 
present in appreciable amounts in clinical samples. However, the presence of 
catalase must be excluded. Enzymatically produced hydrogen peroxide (HP) is 
sensed via the fluorescent probe europium(III) tetracycline (in a molar ratio of 
3:1) which is incorporated into a Hypan layer (see Fig. 15.6). For a fast parallel 
screening of many samples, the sensor layers were integrated into the wells of a 
96-microtiterplate.^^ A typical calibration plot of a hydrogen peroxide sensor 
material obtained by time-resolved imaging is shown in Fig. 15.14. It shows a 
linear range from 0.5 to 10 ppm of H2O2. 

Co-adsorption of GOx makes these sensor layers responsive to glucose via 
the HP produced by the GOx-assisted oxidation of glucose. Thus, enzymatic 
consumption of glucose could be visualized for the first time by means of time-
resolved luminescence lifetime imaging. Unlike in previous non-imaging 
methods, the determination of HP does not require the addition of peroxidase 
and works at neutral pH. The lifetime-based images showed a dynamic 
detection range between concentrations from 5 to 1000 fimol L'̂  of glucose. 
Lifetime-based imaging resulted in much better spot homogeneity and 
reproducibility than intensity-based methods, but at a comparable sensitivity 
and dynamic range. 
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Figure 15.14. Referenced calibration plot (Ro - R)/Ro versus the concentration of hydrogen 
peroxide in MOPS buffer (pH 6.9). Ro is the initial ratiometric fluorescence intensity of the sensor 
membrane, and R the intensity in presence of increasing concentrations of H2O2, obtained by PDR 
(•) and RLD imaging (y). 

15.9.2. Time-Resolved Imaging of Glucose Using Oxygen Sensors 

Since oxygen supply and changes in oxygen partial pressure are important 
analytical parameters for the monitoring of cell metabolism, many fluorescent 
probes for the determination of p02 have been described (also see Table 15.2) 
which are suited for lifetime imaging, including decacyclene^^ which can be 
excited at 440 nm, pyrene , ruthenium complexes ' and platinum or 
palladium (keto)porphyrins.^^' ^̂  Some of these probes may be administered to 
living cells for intracellular oxygen sensing^^ or can be used in the form of 
sensor layers, incorporated in different polymer matrices.^^ These transducer 
materials may also be placed at the bottom of microwell plates for the 
accomplishment of high-throughput screening assays.^^ Such microplates have 
been commercialized and can be applied in cellular drug screening, proliferation 
studies, and the screening of enzyme reactions (see: www.becton-
dickinson.com; www.presens.de). The microwell plates can be screened with 
help of commonly used microplate fluorescence readers. 

More recently, we have cast -'5 |im thick films of a poly(styrene-co-
acrylonitrile; PSAN) doped with a fluorinated Pd-porphyrin of unusually long 
decay time (Pd-TPFPP) on the bottom of the single microwells. After drying 
and rinsing, the wells were filled with a solution of GOx (17.8 U mL'^) and with 
glucose (dissolved in buffer of pH 6.8 in concentrations ranging from 0.1 to 10 
mmol L'^). Under the given experimental conditions, glucose could be imaged 
in the range from 0.5 to 5 mmol L"̂  using the RLD method. Fig. 15.15 shows 
the corresponding ratiometric lifetime sensing image and the resulting 
calibration plot. The assay can be performed within 5 min. Sensitivity may be 
slightly increased by prolonging the reaction time which gives a maximum after 
30 - 40 min. 
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Figure 15.15. Left: Grey-scale fluorescence lifetime images of glucose in single wells of a 
microliter plate coated with oxygen-sensitive films (probe Pd-TPFPP dissolved in PSAN) in 
presence of GOx (17.8 U mL'') at pH 6.0. Excitation wavelength: 405 nm, emission filter: Chroma 
680. Excitation pulse: 2 ms; gate 1: 0-500 fxs, gate 2: 600 - 1100 ^s after excitation pulse. Right: 
Logarithmic calibration plot of fluorescence lifetime (T) versus the concentration of glucose after a 
5-min (•) and a 40-min (A) incubation time. 

15.9.3. Time-Resolved Imaging of Glucose Using Sensor Layers for 
Hydrogen Peroxide 

Time-resolved fluorescent sensing imaging of glucose also was 
demonstrated for a glucose sensor membrane with a hydrogen peroxide 
transducer.^^ Enzymatically produced hydrogen peroxide (HP) is sensed via the 
fluorescent probe europium(III) tetracycline (molar ratio 3:1) that is 
incorporated into a hydrophilic polymer layer (see above). Co-adsorption of 
GOx makes these sensor layers responsive to glucose via the HP produced by 
the GOx-assisted oxidation of glucose. The hydrogel layers were integrated into 
a 96-microwell plate for a parallel and simultaneous detection of various 
samples. Glucose can be visualized by means of time-resolved lifetime imaging. 
Unlike in previous (however non-imaging) methods, the determination of HP 
does not require the addition of peroxidase and works at neutral pH. The 
lifetime-based images (see 15. 16) obtained are compared with conventional 
fluorescence intensity-based methods with respect to sensitivity and the 
dynamic range of the sensor layer. 

15.9.4. Time-Resolved Imaging of the Activity of Glucose Oxidase 

Fluorescent imaging of the activity of GOx (rather than of glucose) is a 
useful tool for GOx-based immunoassays with potential to high-throughput 
screening, to immobilization studies, and biosensor array technologies. GOx 
has been visualized by sensing/imaging by making use of a fluorescent 
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Figure 15.16. Time-resolved ratiometric image of the glucose sensor spots in a microwell plate 
format visualized as a 3D plot. The spots represent different glucose concentrations in the single 
wells. A = 0, B = 0.005, C = 0.01, D = 0.05, E = 0.1, F = 0.25, G = 0.5, H = 1 mmol L'* glucose. 

europium(III) tetracycline probe (EU3TC) for hydrogen peroxide^"^ whose decay 
time in the [is range and whose large Stokes shift (210 nm) facilitate (a) 
intensity-based, (b) time-resolved and (c) decay time-based imaging of glucose 
oxidase. Since the probe EU3TC has an excitation maximum at around 400 nm, 
a set of violet LEDs (kmax 405 nm) was used as the light source. A comparison 
of four methods for imaging revealed that rapid lifetime determination (RLD) 
imaging is most adequate in giving a linear range from 0.32 to 2.7 milli-units of 
GOx per mL of solution. The detection limit is 1.7 ng of GOx per mL which is 
similar to that of the time-resolved (gated) imaging using a microtiterplate 
reader. 

10 11 12 

0.8 0.6 0.4 0.2 0 

Figure 15.17. Rapid lifetime determination (RLD) imaging of the activity of glucose oxidase in the 
wells of a microtiterplate. The pictures reflect the normalized ratio of the two images as 
schematically represented in Figs. 15.12 and 15.13 (in pseudo colors). The cocktails in wells (from 
1 to 12) had the following compositions: GOx activities 0 (blank), 135, 54.1, 27.1, 13.5, 5.4, 2.7, 
1.35, 0.54, 0.27, 0.14 to 0.05 mUnit/mL, respectively; plus 100 îL of the EuTc stock solution, 15 
|iL of a 277.2 mmol L'* glucose solution; total volume made up to 200 |iL with MOPS buffer. From 
ref. 94. (see the color insert after p. 429.) 
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BORONIC ACID-BASED FLUORESCENCE 
SENSORS FOR GLUCOSE MONITORING 

Gurpreet Kaur^ Na Lin\ Hao Fang ,̂ and Binghe Wang*^ 

16.1. INTRODUCTION 

As of today there is no cure of diabetes, and approximately 2.1% of world 
population is affected by this disease. ^ The inability for diabetic patients to 
appropriately control blood glucose level has long-term health consequences 
such as cardiovascular problems, renal complications, blindness, nerve 
damages, and foot and skin complications. These long-term consequences are 
the direct results of elevated glucose level for a prolonged period of time. 
Consequently, proper control of blood glucose concentration is the key to 
reducing complications and prolonging life. A critical step in controlling blood 
glucose level is appropriate monitoring. At present blood glucose monitoring 
involves finger pricking to draw blood sample. Another approach used today is 
the "Gluco Watch," which uses iontophoresis ^ as a way to extract biological 
fluid for analysis. This is minimally invasive, but has its disadvantages and is 
not a continuous monitoring approach. 

An ideal glucose monitoring system should be (1) continuous, (2) non­
invasive, (3) easy to use, and (4) affordable. There have been intensive efforts 
in developing such glucose monitoring methods, which will undoubtedly help 
patient compliance and optimal glucose concentration control. Current non­
invasive methods under research and/or development include near-infrared 
(NIR) spectroscopy, '̂ ^ contact lens type of sensors ^ and implanted sensor 
devices. ^ Except for the direct spectroscopic method, the others require the use 
of a sensor as the recognition and transducer unit. Currently commercially 
available glucose sensors use enzyme-based approaches. '̂ ^ There is no doubt 
that the invention of such sensors has had a tremendous positive impact on 
diabetic patient care. However, the lack of reagent stability makes the enzyme 

^ Department of Chemistry and Center for Biotechnology and Drug Discovery, Georgia State 
University, 33 Gilmer St. S.E.Atlanta, Georgia, 30303. Phone: (404) 651-0289. 
Fax: (404) 654-5827. E-mail: wang@gsii.edii 
^ School of Pharmacy, Shandong University, No. 44 Wenhuaxi Road, Jinan, China, 255012. 
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based-method undesirable for long-term implant and contact lens applications.^'^ 
For such purpose, chemosensors have the advantage of enhanced stability, 
manufacturability, and high specificity. Particularly promising in this area is 
the use of fluorescent chemosensors. 

Generally, selective sensors consist of three components: a) proper 
functional groups that afford strong intermolecular interactions (boronic acid), 
b) a 'reporter' event/moiety (stars) that allows the binding even to be 
recognized, and c) the appropriate three-dimensional scaffold that allow for 
necessary complementarily in terms of size, shape, and functional group 
orientation (bridge) as shown in Figure 16.1. In designing such chemosensors 
for glucose, boronic acids occupy a special place because of their strong 
functional group interaction with the diols that exist on glucose and other 
sugars. ^^'^^ In addition, boronic acids can be incorporated to change 
spectroscopic properties upon binding. This allows for the integration of the 
binding and signaling events into one unit. This chapter will start with an 
overview of the basic chemistry of boronic acid in its interactions with diols, 
and then discuss the different fluorescent types boronic reporter groups used for 
both signaling the binding and the three-dimensional scaffolds that are 
appropriate for the selective recognition of glucose in different forms. 
Specifically, the following sections will cover (1) factors that affect the boronic 
acid-diol binding, (2) some earlier boronic acid-based fluorescent reporter 
compounds that got this field started, (3) a new generation of water-soluble 
boronic acid fluorescent reporter compounds, (4) new boronic acids that are 
suitable for application in contact lens type of sensing devices, and (5) finally a 
de novo approach for the construction of the appropriate 3-dimentional scaffold 
for the selective recognition of glucose. This chapter will not attempt to be 
exhaustive as there are other reviews that cover in more depth of the various 
aspects of this area. ^̂ "̂ ^ Instead, the focus will be on the basic idea and 
principles used in each approach. It should also be noted that boronic acid-
based electrochemical sensors are not included in this chapter, although there 
have been some very important discoveries in that area. ̂ '̂̂ ^ 

16.2. FACTORS THAT AFFECT THE BINDING BETWEEN BORONIC 
ACIDS AND DIOLS 

Boronic acids covalently reacts with cis 1,2- or 1,3-diols to form five or 
six-member cyclic esters in aqueous solution. This complexation is reversible, 

PH OH 

Figure 16.1. Three components of a "selective" sensor 
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which makes it an ideal interaction in sensor design. Boronic acids are Lewis 
acid and as such can react with water to go from the neutral trigonal form (1) to 
the anionic tetrahedral form (2) and release a proton at the same time (Scheme 
16.1). Similarly the diol-boronic acid complex or the ester can be in either the 
trigonal (3) or tetrahedral (4) form. Because boronic acids and their esters can 
exist in two different ionization states, there are actually three different "binding 
constants" to consider. The first one relates to the conversion of the trigonal 
boronic acid (1) to the trigonal ester (3), termed Ktrig. The second one refers to 
the conversion of tetrahedral boronate (2) to its ester counterpart (4), termed 
Ktet- However, neither of these two truly represents the overall binding constant 
between a diol and boronic acid for the purpose of sensor design. The third 
binding constant describes the overall binding strength regardless of the 
ionization state of the boron species, K̂ q (Scheme 16.2). Therefore, it is very 
important that one knows exactly what type of binding constants a particular 
procedure gives before any comparison can be made with or between literature 
values. The binding constants mentioned in the subsequent discussions are 
overall binding constants (K^q, Scheme 16.2) unless specified otherwise. ^̂  

It is known that phenylboronic acid (and other boronic acids) have different 
affinities for various diols depending on their structural features especially O-C-
C-0 dihedral angle. Smaller dihedral angles are often associated with higher 
binding constants. Another important factor to consider is the pKa of the 
boronic acids. Boronic acids with lower pKa's tend to have higher affinities for 
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Scheme 16.1. Binding process between phenylboronic acid and a diol. 



380 

(1) 

+ 

(2) _ 

Rl Ro Keq 

5-K - w 
HO OH 

G. KAUR ETAL. 

~o^^~ 
(3) 

+ 

Ha?3-R2 

(4) J 

Scheme 16.2. Overall binding process between phenylboronic acid and a diol. 

diols, ^̂ ' ̂ '̂ ^̂ ' ^̂  although the optimal binding also depends on the pKa's of the 
boronic acid and diol, and the pH. ^̂  

Another thing that should also be noted is that boronic acid-diol binding 
constants are also influenced by factors such as solvent, buffer, buffer 
concentration, ionic strength, temperature, etc. ^̂ ' ^̂  Essentially all the binding 
constants reported in the literature are apparent binding constants, and are only 
comparable to others under similar conditions. The significant effect of the 
binding constants by these various factors also suggests that for the best 
relevance to the performance of the sensors under physiological conditions, the 
buffer composition should be carefully chosen at the beginning of the 
experiments. 

16.3. VARIOUS TYPES OF BORONIC ACID-BASED FLUORESCENT 
REPORTER COMPOUNDS AVAILABLE 

As briefly mentioned in the Introduction section, the ability for the boronic 
acid moiety to bind to a diol is not sufficient for sensor application. There 
needs to have a signaling event that is associated with the binding. Many 
systems have been designed over the years that allow for the boronic acid-diol 
binding event to regulate the spectroscopic properties of a 
chromophores/fluorophore, which in turn results in the signaling of binding. 
The availability of such spectroscopic reporter compounds has been and will 
continue to be the cornerstone for the design of future sugar sensors. In the 
design of these reporter compounds, several mechanisms have been used, which 
are detailed below. 
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16.3.1. Anthracene and pyrene based fluorescent reporter compounds 

Excited state photoelectron transfer (PET) is a process in which an electron 
is transferred to the excited state chromophore, and therefore, results in the 
quenching of the excited state in a thermal process. Systems have been 
designed that modulated this process through boronic acid-diol binding to result 
in the signaling of the binding event. 

Yoon and Czamik first reported anthrylboronic acids-based fluorescence 
sensors for saccharides (5, 6). These compounds showed significant 
fluorescence intensity changes upon binding with saccharides. The intensity 
change was lower for glucose than fructose. "̂̂  Fluorescence intensity change 
upon binding could be due to the change in the hybridization state of the 
boronic ester, which has a lower pKa than the corresponding boronic acid. 
Specifically, the boronic acid (pKa about 8.8) should exist mostly in the neutral 
trigonal state at physiological pH. However, upon ester formation, the boron 
specie would exists in the anionic tetrahedral because of a decreased pKa (about 
4.6 and 6.8 for the fructose and glucose esters, respectively. ^̂  Such a 
hybridization change resulted in what is called "chelation-enhanced quenching" 
and therefore lower fluorescence intensity for the complex. Such sensors 
represent very impressive initial success, although monoboronic acids of any 
kind would not be expected to have the selectivity needed for specific glucose 
sensing. ^^'^"^ 

Based on anthracene system Shinkai and co-workers developed sensor (7) 
(Figure 16.2). In this system, an amino group is positioned in a 1, 5-
relationship with the boronic acid. It had previously been demonstrated by 
Wulff ^̂  that such an arrangement promotes dative B-N bond formation 
(Scheme 16.3). This bond formation helps to lower the apparent pKa of the 
boronic acid, which would in turn increase binding strength. ^̂ ' ^̂  Indeed, (7) 
showed significant changes in fluorescence intensity and much higher binding 
affinity to glucose and finctose compared with phenylboronic acid. ^̂ ' '̂ '̂ ^̂  This 
change in fluorescence intensity was proposed to be due to the strengthening of 
the B-N bond upon ester (8) formation. ^̂ ' ̂ '̂ ^̂  Specifically, the fluorescence of 
the anthracene system can be quenched by the nitrogen lone pair electrons 
through PET. However, binding to a diol is known to lower the pKa of the 

XJ 
B(OH)2 ^ i N ^ ^ ^ ^ ^ ^ 

B(OH)2 

(5) (6) (7) 

Figure 16.2. Anthracene-based boronic acid reporter compounds. 
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Scheme 16.3. Illustration of an anthracene-based photoinduced electron transfer 
system. 

boron functionality, '^' '̂  which was thought to consequently strengthen the B-N 
bond. This B-N bond strengthening was thought to "tie up" the nitrogen lone 
pair electrons and thus lead to a reduced PET fluorescence quenching. 
Recently, based on experimental results and computational work, our group has 
proposed a different mechanism that causes the change in fluorescence intensity 
upon ester formation. ^̂ ' ^̂  Rather than B-N bond formation, the hydrolysis 
mechanism is apparently in play (Scheme 16.3). However, the elucidation of a 
new mechanism does not change the fact that this system (7) is and has been a 
very useful reporter system for the development of fluorescent sensors for 
sugars. 

Monoboronic acids prefer to bind fructose over glucose with about 50 fold 
selectivity at physiological pH. ^̂  In order to increase the binding affinity and 
selectivity to glucose, it is essential that a more selective recognition element 
should be built into the system. This can be achieved with the inclusion of an 
additional binding site, which can be either a) another boronic acid to be 
recognized by a second pair of diols or b) other recognition moieties. 

Using the PET system as a starting point, Shinkai and coworkers designed 
anthracene based monoboronic and bisboronic acid compound (9). ^̂  Compound 
(9) showed higher binding affinity for glucose (Ka =3980 M"̂ ) than fructose 
(Ka= 316 M'̂ ) in aqueous methanol buffer solution at pH 7.8. The selectivity 
was due to the incorporation of the second boronic acid moiety and the 
appropriate orientation of the two boronic acid moieties relative to the diol pairs 
on glucose. The authors also deduced from NMR experiments that bisboronic 
acid (9) binds with glucose in the pyranose form in a 1:1 fashion. Upon further 
examination, Norrild and coworkers found that the solvents used have a 
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tremendous effect on in which glucose binds with the diboronic acid sensor. ̂ '̂̂ ^ 
Glucose undergoes mutarotation in water faster than in methanol. ^̂  From 
extensive NMR studies Norrild concluded that bisboronic acid binds to glucose 
in the pyranose form in non-aqueous solution. However, in an aqueous 
environment it binds initially to glucose in its pyranose form and then slowly 
converts to its furanose form. 

Shinkai and coworkers also developed other potential glucose sensors with 
bisboronic acids. They designed compound (10) which had two pyrene units 
separated by hexamethylene linker. The sensor was based on the idea that 
pyrene would normally give excimer formation due to stacking. However, 
upon formation of a rigid 1:1 complex between glucose and sensor, stacking 
becomes very difficult, which prevents excimer emission and only gives 
monomer emission. Indeed addition of glucose at different concentration gave 
high monomer emission than excimer emission with Keq of 1995 M ^ Other 
saccharides were tested with this sensor; they all gave strong fluorescence with 
high stability constants. However, fructose and allose deviated from there 
isosbestic point due to competitive 1:2 complex formation between (10) and the 
sugar. This indicates that in binding with fructose and allose each boronic acid 
behaves like a monoboronic acid. ^̂  In this case, the spacing between the pyrene 
groups and the conformational constraints imposed by the linker are two key 
elements in determining the specificity for glucose. In another study, Appleton 
and Gibson further examined the influence of linker length in analogs of (10) 
and found that Ce and C7 linker displayed high specificity to D-glucose, while a 
longer linker (e.g. C12) behaved like a monoboronic acid showing preference for 
fructose over glucose. ^̂  

Drawing from the lesson of compound (10), the James group developed 
pyrene based diboronic acid compound (11) and polymeric sensor (12) with 
only one pyrene unit as fluorophore linked via a hexamethylene linker to 
phenylboronic acid. Both compounds showed increase in fluorescence 
intensity upon addition of saccharides. Compound (11) showed a 22-fold 
selectivity for glucose over its pyrene based monoboronic acid whereas 
compound (12) was more selective for fructose but showed only 3 fold 
selectivity over pyrene monoboronic acid. "̂̂  

Recently, the Tao group used pyrene stacking to their advantage in 
developing glucose sensors. ^̂  Their system involved utilization of a polycation 
group which induces a 1:2 complexation between glucose and two pyrene-
based monoboronic acids. The complex formation in turn results pyrene 
stacking which causes excimer emission. The monomer, compound (13), 
showed no excimer emission in aqueous glucose solution. However, upon 
addition of polycation (14) the spectrum showed broad excimer emission in the 
range of 430-600 nm indicating that polycation caused 1:2 complexations 
between glucose and pyrene monoboronic acids. Fluorescence studies showed 
glucose had higher selectivity over other saccharides. Other saccharides, 
fructose, galactose, and ribose, showed low to no excimer emission due to their 
poor ability to a form 1:2 complex with these boronic acids. Further studies 
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Figure 16.3. Anthracene and pyrene-based boronic acid sensors for glucose. 

indicated that electrostatic interactions are present between (13), which exists in 
its tetrahedral form, and polycation (14). 

James and coworkers developed a saccharide detection system using the 
concept of fluorescence resonance energy transfer (FRET). This detection 
system involves two different fluorophores: phenanthrene as the donor and 

B(OH)2 

B(OH)2 (HO)2a 

Figure 16.4. Pyrene-based glucose sensors. 
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pyrene as the acceptor which were separated by a linker (hexamethylene) with 
two phenyl boronic acids attached to each fluorophores (15). This sensor was 
designed in such a way that the emission wavelength (369 nm) of phenanthrene 
overlaps with the excitation wavelength (342 nm) of pyrene, which allows 
resonance energy transfer between these two fluorophores. The result of this 
transfer is that when excited at 299 nm (phenanthrene), the entire system would 
emit at 417 nm. Binding of a sugar would allow the two fluorophores to come 
closer and therefore increase the efficiency of the FRET process, which results 
in an increased fluorescence intensity at 417 nm. ^̂  The binding constant 
between (15) and glucose was determined as 142 M"̂  compared to 30 M'̂  and 
44 M'̂  for the individual phenanthrene and pyrene boronic acid, respectively. 

Using Shinkai's anthracene fluorescent reporter system as the basic 
building block, our group synthesized different bisboronic acids (16) with 
different amide linkers. ^^ Compound (16a) with two acetamides attached to the 
phenyl ring in an ortho relationship offers the appropriate diboronic acid 
orientation and distance for selective binding with glucose. It showed a high 
binding affinity (K q̂ = 1472 M"̂ ) for glucose and a 43-fold selectivity over 
fructose. Neither (16b) nor (16c), although having the same number of carbons 
in the linker, showed the kind of selectivity and affinity for the glucose as (16a) 
did. This indicates that the rigidity of the linker plays a critical role in 
determining saccharide selectivity. 

16.3.2. Internal charge transfer compounds 

In a chromophore, excited state internal charge transfer (ICT) happens that 
can lead to thermal decay of the excited state. ICT systems contain an 
electron donor group and an electron acceptor group in the same 

chromophore/fluorophore. The ICT process can also be modulated to afford a 
signaling event in boronic acid-sugar binding. In such a case, the boronic acid 

linker: \=( 

'N^ B(0H)2 (̂OH)B / L ^̂ ^̂ ^ V / 

(16b) ~(CH2)4-

N—rp-Linker—rpN 
' O O 

(16) 

r (-) \^ 
Figure 16.5. Anthracene-based bisboronic acid sensors for glucose. 



386 G. KAUR ETAL. 

moiety acts as an electron acceptor when it is in the neutral form. When the 
boronic acid group changes to its anionic form (tetrahedral form) upon binding 
with a sugar, it is no longer an electron acceptor. This leads to the spectral 
changes due to the perturbation of the charge transfer nature of the excited state. ^'^ 

The Shinkai group developed the first generation of such ICT sensors based 
on a stilbene core. Inhibition of rotation of the ethylene linker of stilbene in its 
excited state is known to give fluorescence. Such compounds possess a large 
conjugated n system of electrons, which allows for the possibility of the 
'terminal' substituent to affect the chromophoric properties of these systems. 
Four stillbene boronic acid analogs (17a-d) were synthesized and evaluated. 
Compounds (17b) and (17d) bear an electron-donating group and (17c) bears an 
electron-withdrawing cyano group. Changing the pH from low to high induced 
a blue shift in the emission spectrum of (17b) and (17d) and an increase in 
intensity by about one fold in the presence of sugar. This was thought to be due 
to the loss of the electron-withdrawing properties of the boron ftinctionality 
when converted to the anionic form. Similarly, the polyene derivatives (18), ̂ ^ 
diphenyloxazole derivatives (19) ^̂ ' ^^ and chalcone derivatives (20) ^^ were 
prepared and tested for binding with sugars. The fluorescence intensity changed 
only by a maximum of five folds in these ICT systems. Understandably, these 
monoboronic acids showed preference for fructose over glucose as would have 
been expected for any monoboronic acids. ^̂ ' ^̂  However, these "reporter" 
systems could, in principle, be used for the construction of diboronic acid 
sensors that show selectivity for glucose. 

16.3.3. Polymer based sensors 

Above mentioned sensors have disadvantage of having lower excitation 
wavelength and not being completely water soluble. A system with longer 
wavelength is highly desirable. Polymer based fluorophores have been reported 
to have wavelengths in the range of 450nm to 630nm. ^^'^^ Wolfbeis and group 

17a R=H, STBA 

-C'}-B{OH)^'^ R=CH3(>. MSTBA 

17c R=CN,CSTBA 

(17) 
17d R=N(CH3)2,DSTBA 

-N r=. 

(19) 

Figure 16.6. ICT sensors 

(HO)2l 

(18) 

N— 

(20) 
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devised there system based on organic conductive polymer (OCPs), polyaniline. "̂  
OCPs have long wavelength absorption and change in there color results from 
the strong interactions between the polymer chains. These interactions can be 
distorted with introduction of diol-binding receptor such as boronic acid. 
Wolfbeis group synthesized novel polymer (P) by copolymerizing aniline with 
3-aminophenylboronic acid. The novel polymer absorption spectrum covered 
the region from visible to near-infrared and was pH dependent. Both polyaniline 
and (P) had apparent pKa around 7 and (P) showed absorption spectral changes 
with addition of saccharides whereas polyaniline did not show any spectral 
changes. 3-aninophenylboronic acid also did not show any absorption change in 
the presence of excess fixictose or glucose. Saccharide sorbitol showed the 
major change in fluorescence followed by fructose, mannitol, glycerol, glucose, 
and saccharose but (P) showed low selectivity among saccharides. 

16.3.4. Water soluble fluorescent boronic acid 

Although many boronic acid-based fluorescent reporter compounds had 
been reported in the initial period of study, many of them lack the necessary 
water solubility for application under near physiological conditions. Some also 
lack the necessary photochemical, chemical, and metabolic stability. Therefore, 
in the last few years, there have been significant amounts of effort in developing 
water soluble boronic acid reporters that are chemically and photochemically 
stable. In this regard, several water soluble boronic acid reporters have been 
reported. The Heagy group developed the naphthalimide sensors (21-26). 
Naphthalic anhydride chromophore itself is highly fluorescent and photostable. 
With introduction of polar groups on the naphthalene ring, such compounds can 
be made water soluble at micro molar concentrations. These sensors showed 
decrease in fluorescence intensity upon addition of saccharides. The 
mechanism through which this fluorescent intensity changes is thought to be 
due to the modulation of the PET mechanism when the boron atom changes 
from the neutral sp^ form to that of anionic sp^ upon addition of saccharide at 
physiological pH. This saccharide complexation changes the orbital energy of 
the HOMO of the phenyl boronic acid n system by occupying the next highest 
molecular orbital. Sensor (21) showed the largest chelation-enhanced quenching 
(CHEQ) and selectivity toward fructose. Upon introduction of a nitro group to 
the naphthalimide (21), compound (22) showed selectivity in fluorescence 
change for glucose over fructose and galactose. 
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Table 16.1. Naphthalimide-based water-soluble boronic acid reporters 

B(OH)2 

Entry 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 

Ri 
H 
H 
H 
H 
H 

SO3K 

R2 
H 
H 
H 
H 

OCH3 
NH2 

R3 
H 

NO2 
NH2 

CH3CONH 
H 

SO3K 

Sensor (23) with an amino substituent showed enhanced fluorescence for 
galactose at low pH. Sensors (24-26) showed high quantum yield and excellent 
solubility in water, but did not show much change in fluorescence intensity with 
saccharides. Especially worth mentioning is sensor (26) that did not show 
effective PET quenching compared to other sensors. With the introduction of 
two sulfonic groups, the HOMO energy of the fluorophore was raised and in 
turn the hydroxyboronate anion could no longer effectively quench the 
fluorescence. ^^' ̂ ^ 

Norrild and coworkers also developed a water soluble bisboronic acid (27) 
with Keq of 2512 M'̂  for D-glucose. The sensor has charged cationic pyridine 
rings which made it not only water soluble but also helped to improve the 
binding with sugar at neutral aqueous solution. ^^ 

Our group has also developed several water soluble boronic acids with the 
quinoline and naphthalene chromophores. 8-Quinolineboronic acid (8-QBA, 
28) is a novel type of fluorescent sensor for carbohydrates which gives up to 40 
fold fluorescence intensity increases at physiological pH upon saccharide 
addition, good water solubility, and chemical and photochemical stability. 8-
QBA itself is non-fluorescent at pH above 5 and weakly fluorescent at lower 
pH. The mechanism through which fluorescence increases upon addition of 
saccharides is not known. However, ^^B-NMR indicates that the boron atom in 
both 8-QBA and its ester forms is in the tetrahedral form at physiological pH, 
so the change in fluorescence intensity is not due to change in hybridization 
state of the boron atom. ^^ 
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Figure 16.7. Water-soluble fluorescent boronic acid compounds 

Along a similar line, another quinoline-based compound, (29), was 
designed in which the boronic acid group was not directly attached to the 
quinoline ring. Compound (29) has a free carboxyl group which can be used as 
a "handle" for tethering other structural moieties. This sensor designed showed 
fluorescence intensity increases upon binding with sugars when the pH of the 
solution is 5 or higher. Compound (29) showed up to 25-fold fluorescence 
intensity changes with the addition of various sugars. "̂^ Since compound (29) 
has a carboxyl "handle" tethered to it, incorporation of other boronic acid 
moieties, which can be used to modify the selectivity, can be easily 
accomplished. Studies in our lab have already shown that converting the free 
acid to an amide does not change the fluorescence properties of (29). 

Two naphthalene-based new water-soluble fluorescent reporters discovered 
by our lab, (30-31), also show large increase in fluorescence property changes 
upon addition of saccharides at physiological pH. Compound (30), 4-
dimethylaminonaphthaleneboronic acid (4-DMANBA), is thought to be an ICT 
sensor, where the amino group is the electron donor and the boron atom is the 
electron acceptor when in the trigonal form. The lone pair electrons on the 
donor amino group can form conjugation with the empty p orbital of the sp^ 
boron atom directly attached to the naphthalene ring. ^̂  The ICT process is very 
sensitive to small perturbations in the electronic properties of the molecule by 
changing its spectroscopic properties. As mentioned earlier, upon addition of a 
diol to boronic acid, the ester formation lowers the pKa of the boron atom by 
about 2-3 pH units and converts the boron atom from its neutral sp^ to the 
anionic sp^ form. ^̂  The introduction of an anion to the system in turn leads to 
change in fluorescent properties. Binding studies shows that fructose and 
sorbitol induce up to 41-fold increases in fluorescence intensity whereas 
glucose results in a 17- fold increase at 1 M in 0.1 M aqueous phosphate buffer 
atpH7.4. 

Compound (31), 5-dimethylaminonaphthaleneboronic acid (5-DMANBA), 
is a positional analog of 4-DMANBA (30). However, this compound exhibit 
ratiometric fluorescent changes upon sugar addition. 5-DMANBA exhibits an 
emission maximum at 513 nm and absorption maximum at 300 nm in aqueous 
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Figure 16.8. Ratiometric fluorescence change of 5-DMANBA (31) (1.0 x 10'̂  M) with different 

concentrations of D-fructose (0-50 mM) in 0.1 M aqueous phosphate buffer at pH 7.4, X^x = 300 nm. 

phosphate buffer at pH 7.4. Addition of a saccharide results in a significant 
decrease in the fluorescence intensity at 513 nm and large increase at 433 nm. 
Figure 16.7 shows ratiometric fluorescence changes upon addition of fructose to 
(31) at different concentration at pH 7.4. 

Other saccharides induced similar ratiometric changes as fructose did. 
Sorbitol induced a 42-fold increase at 200 mM and glucose induced a 23-fold 
fluorescence intensity increase at 1 M concentration. ^̂  

16.3.5. Fluorescent Boronic Acids Suitable For Embedment In Contact 
Lens For Glucose Sensing 

It has been known for a long time that tear glucose during hyperglycemia 
is elevated.^^ Therefore, there is the possibility of extrapolating blood glucose 
concentration by monitoring tear glucose levels. Such is the idea behind the 
possible development of non-invasive and continuous glucose sensing in a 
contact lens type of device. In this regard, the Geddes group reported their 
preliminary work on testing the feasibility of such an approach. ^̂  In this case, 
fluorescent sensors would be incorporated into a contact lens, and reading of the 
fluorescent signals from the contact lens would allow for non-invasive 
monitoring of glucose concentrations. They concluded that such approach is 
feasible if suitable fluorophores can be designed to response well in the low pH 
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microenvironment of a contact lens. A series of boronic acids (32), (33) and 
(34) were synthesized for embedment into contact lens. The purpose for the use 
of a quinolinium moiety was to lower the pKa of the boronic acid, which as 
mentioned previously, is known to increase the boronic acid binding affinity 
with diols. Their initial results indicate that such an approach offers the 
possibility of continuous monitoring of glucose concentration in the range of 
50-1000 |LiM, which is the normal physiological range in tear. '̂̂ ' ^̂  

^^^N® B(0H)2 ^IP 

(33) 

B(OH)2 
B?^0 

(34) 

B(OH)2 

R = OCH3 or CH3 

A system which involves a bimolecular dye/quencher complex was 
developed by Singaram and coworkers. ^̂  This optical glucose sensor is a 
combination of pyranine (35) and a boronic acid substituted benzyl viologen (o-
BBV) (36). When o-BBV binds to a sugar, the complex dissociates, results in 
an increase of fluorescence. The system utilizes a dye that is active in visible 
spectrum and is sensitive to glucose in the range of 0-1800 mg/dL at pH 7.4. 

3Na 

(35) 

Q 
(H0)2B ^ N / B(OH)^ 

(36) 

Lowe and coworkers co-polymerized 4-vinylphenylboronic acid (37) with 
acrylamide and cross linker Â , A^'-methylenebisacrylamide to form a stable 
hydrogel film. This film was used to monitor glucose concentration at pH 9, 8 
and 7.4. Addition of glucose to the sensor results in a red shift at pH 9, but no 
significant changes were observed at pH 8 and 7.4. ^̂  Based on this research 
two other polymer hydrogel systems were developed using 3-
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Figure 16.9. Polymerizable boronic acids for incorporation into polymers. 

acrylamidophenylboronic acid (38) and 2-acryamido-5-fluorophenyl boronic 
acid (39), respectively. Both systems displayed an increased selectivity to 
glucose over lactate at physiological pH and could be deployed as holographic 
sensor for glucose detection. ^̂  

A new type of carbohydrate sensing material was reported by the Asher 
group, which consists of a crystalline colloidal array (CCA) incorporated into a 
polyacrylamide hydrogel (PCCA) with pendent boronic acid groups. ^̂ ' ^̂  They 
propose that upon addition of a sugar, a supermolecular bis-bidenate glucose-
boronic acid complex was formed, which is stabilized by PEG or crown ether-
capped sodium cations. This complexation correlated with the diffraction of 
wavelength and, therefore, visible color changes. Thus, this PCCA photonic 
crystal sensing material responds to glucose in low ionic strength aqueous 
solution by swelling and color shifting as the glucose concentration increases. 
This sensing material that contains 4-amino-3-fluorophenylboronic acid 
responds to glucose and other sugars at <50 DM concentrations at physiological 
pH and salinity values. Such materials could potentially be used for the 
preparation of implantable materials for blood glucose sensing .or embedded in a 
contact lens for tear glucose sensing. 

16.4. APPROACHES AVAILABLE FOR THE CONSTRUCTION OF 
THE APPROPRIATE 3-DIMENSIONAL SCAFFOLD FOR THE 
SELECTIVE RECOGNITION OF THE TARGET SUGAR 

With the availability of a large number of boronic acid fluorescent reporter 
compounds, there is still one important challenge that has not been discussed in 
detail, i.e., the methods that can be used to achieve the proper 3-dimensional 
structure, which affords the necessary selectivity. Generally speaking, there are 
three different approaches. The first is random screening of individual libraries 
of compounds generated through parallel synthesis. ^̂ '̂ ^ The synthesis and 
purification of a large number boronic acid compounds is not a trivial issue. 
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and, therefore, this approach may need the collective effort of many group. The 
second approach is the combinatorial chemistry. ^̂  One specific method that 
will be very useful is that of the one bead-one compound approach. ^^ In this 
approach, a large number of compounds can be synthesized in a library, and the 
screening can be carried out by monitoring the fluorescent changes of the beads 
followed by sequencing with mass spectrometry. The third approach is that of 
de novo design based on computational chemistry. 

Drueckhammer and coworkers reported the first example of a boronic acid-
based fluorescence sensor for glucose in the glucopyranose form based entirely 
on de novo design. ^̂  This design approach used the CAVEAT program to 
develop a receptor with precisely positioned arylboronic acid to recognize 1,2 
and 4,6 positions of glucopyranose. The search stated with the construction of 
complex (40). Upon further quantum mechanical geometry optimization, the 
two methyl aryf bonds were considered as two vectors. Then the CAVEAT 
program was used to search for polycyclic structure with substituent bonds that 
would match the vector pairs identified in (40). The search, after taking into 
consideration of rigidity, fluorophoric property, ease of synthesis and water 
solubility, identified compound (41a) as a potential sensor for D-glucopyranose. 
Further geometry optimization with Hartree-Fork 6-3IG* gave glucose 
complex (41b) as the lowest energy conformation which matched very well 
with the original compound (41a). Complex formation between (41a) and 
glucose in its pyranose form was confirmed by both ' H - N M R and mass 
spectrometry studies. Binding of (41a) with all the saccharides showed a 
decrease in fluorescence intensity as concentration increased. The sensor 
showed high affinity and selectivity for glucose (Keq = 4000) over other 
saccharides (galactose, Keq = 100 and mannose Keq = 83.3). The high 
selectivity for D-glucose suggests that only glucose is able to form a bidentate 
complex involving both boronic acid moieties of the "receptor." This 
successful example indicates that feasibility of using computational chemistry-
base rational de novo design approach for the construction of glucose and other 
sugar sensors. 

H^C' 

HO, / O V 
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^B(0H)2 o^_/ \ / 0 
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16.5. CONCLUSION 

During the last decade, much progress has been made in the synthesis of 
new boronic acid-based fluorescent sensors that could be used for the 
developing of non-invasive and continuous glucose monitoring devices. 
However, there are still many issues remaining, which include the short 
wavelengths (both emission and excitation) used for most of the available 
sensors, bio-fouling problems in implanted devices, the long-term chemical and 
photochemical stability of the available reporter compounds. It is our hope that 
this chapter will stimulate more research in this area, which will eventually lead 
to the construction of new glucose monitoring devices based on the selective 
recognition of sugars by fluorescent boronic acid compounds. 
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DEVELOPMENT OF SMART CONTACT LENSES 
FOR OPHTHALMIC GLUCOSE MONITORING 

Ramachandram Badugu\ Joseph R. Lakowicz '̂*, and Chris D. 
Geddes '̂̂ '* 

17.1. INTRODUCTION 

Diabetes can lead to severe health complications over time, such as 
neuropathies, blindness, cancer, etc., [1,2] and it is one of the most concerned 
pathologies that cause patients death. The most effective way to manage 
diabetes is only possible by continuous, or at least, frequent blood glucose 
estimation, and subsequent drug and food administration. Consequently, the 
importance of diabetic control has resulted in worldwide efforts to develop non-
or minimally-invasive methods for body glucose estimation [3-13]. Among 
these, the glucose monitoring using near infrared spectroscopy [3,4], optical 
rotation [5,6], colorimetric [7,8], and fluorescence detection [9-13] are notable. 
However, an enzyme based "finger-pricking" method is still the most 
commonly used technology in diabetic assessment. This method is relatively 
painful process and it does suffer from a few practical problems. The first one is 
inconvenience and the required compliance by patients, which is often difficult 
for both the young and old patients; while the second is that this is not a 
continuous monitoring method. Despite intensive efforts, no compatible device 
for the non-invasive and continuous monitoring of glucose estimation is 
available. 

Body fluids such as tears track the blood glucose levels with time lag of 
about 30 mins. Although, the glucose concentration levels in the tears are not 
fully explored to date, it is about 10 times lower than in tears (of about 50-500 
faM [14,15]) than that in blood and an elevation in the tear glucose 
concentration (up to 5 mM) during hyperglycemia has been demonstrated [16-
18]. Giardini and Roberts have reported tear glucose concentrations to be « 3 
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mg/100 ml for subjects with a normal glucose metabolism [19]. Alternate to 
blood, if one has a capable device to monitor tear glucose, tears are easy and 
painless to use for glucose monitoring, and would offer a non-invasive and 
continuous monitoring technique. In this regard, we recently demonstrated an 
approach of using contact lens that is embedded with a monosaccharide sensing 
boronic acid probe, for the continuous and non-invasive notion of tear glucose 
monitoring [20-26]. The present approach is elegant and could be used 
efficiently for the monitoring of not only glucose but many other analytes of 
interest and could potentially become a platform for generic ophthalmic analyte 
monitoring. Herein this chapter we primarily focus our attention on the design 
and development of a glucose sensing contact lens. A schematic cartoon 
indicating the notion of the continuous glucose monitoring contact lens is 
shown in Figure 17.1. A glucose signaling boronic acid probe can be embedded 
in to the contact lens in various fashions. Here we have shown in the figure that 
one can modify the entire contact lens (which is most simplistic and easy for the 
experiments for the proof principle type, described in this chapter) with glucose 
sensing probe (Figure 17.1, top left) or probes embedded as sensor spots (Figure 
17.1, bottom left). The later case provides an option of building a multi-analyte 
contact lens, i.e. each spot on the lens could be made to work specifically 
towards a different analyte of interest. Figure 17.1 also shows the possible 
diagram of the signal reading device. This can be a portable hand-held device 
having a suitable excitation source and detecting unit. However, our main 
interest is designing the glucose sensing contact lens, and the construction of a 
miniaturized electronic device is out of the scope of this review chapter. 

4 : > 
O-Hl 

EX'' / 
Ex Em Em 

Figure 17.1. Potential methods for non-invasive continuous tear glucose monitoring. (Top left) 
B AF doped contact lens as described here, and (Bottom left) Sensor spots on the surface of the lens 
to additionally monitor other analytes in addition to glucose, such as drugs, biological markers, 
Ca^ ,̂ K ,̂ Na"̂ , O2 and CI". Sensor regions may also allow for ratiometric, lifetime or polarization 
based fluorescence glucose sensing. (Right) Schematic representation of the possible tear glucose 
sensing device. Adopted from ref. 24. 
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17.1.1. Design Concept 

As with any sensors, there are several issues that have to be addressed. The 
first is to identify suitable transduction elements, which in the presence of 
glucose, can report / produce suitable signals. The second is the design of the 
matrix to incorporate the transduction elements. For this, we have chosen an ojf-
the-shelf disposable plastic contact lens, primarily because its physiological 
compatibility has already been assessed, and finally, the optimization of the 
sensor, with regard to sensitivity, response time, reversibility and shelf-life etc. 
The later two issues will be discussed throughout much of this chapter and 
indeed in past papers by the authors [20-26]. For the identification of suitable 
transduction elements, boronic acid has been known to have high affinity for 
diol-containing compounds such as carbohydrates [27-29], Scheme 1, where the 
strong complexation has been used for the construction of carbohydrate sensors 
[30-37], transporters [38] and chromatographic materials [39]. Boronic acid 
compounds have also been used for the synthesis of glucose sensors [40-45]. 
The reports from Shinkai [40,41], Norrild [31,32,], Lakowicz [42-45], groups 
on glucose sensing using boronic acid are most notable in this regard. As 
mentioned, we have been involved in the development of boronic acid based 
glucose sensors over last several years. However, very recently we have turned 
our attenUon toward continuous tear glucose monitoring using a modified 
contact lens. In this review chapter, we discuss how one can develop a suitable 
transduction element (which is a boronic acid fluorophore responsive to glucose 
within the contact lens) for continuous glucose monitoring, using a disposable, 
colorless and daily use contact lens and bornic acid based fluorophores. 

y; 
pH 
^OH OH 

pKa 9 J 

T-
3-..H,oH 

OH 

OH OH 
= Diol (Sugar) 

Scheme 17.1. Equilibrium between the various forms of the boronic acid in solution, and diol 
(sugar) interaction. 
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17.2. GLUCOSE SENSING USING BORONICACID PROBES IN 
SOLUTION 

The potential applicability of the boronic acid probes to glucose sensing is 
evident from the vast amount of data published on this topic [20-45]. In this 
regard we are interested to provide an overview on the glucose sensing using 
boronic acid probes in solution, which may help the reader to understand the 
subsequent sections of this chapter. Boronic acid forms reversible covalent 
bonds with vicinal dihydroxy containing compounds such as saccharides, and 
during this, the electronic properties and geometry at the boron atom are altered 
(Scheme 1). Subsequently, the changes in electronic properties at the boron 
atom are being transferred to the appended fluorophore, leading to the spectral 
shift and/or intensity changes, depending on the transduction mechanism. The 
equilibrium involved with the boronic acid and diol interaction is illustrated in 
Scheme 1 and can be described as follows. Boronic acid is a weak Lewis acid 
composed of an electron deficient boron atom and two hydroxyl groups with 
trigonal planar geometry, 1 in Scheme 1, which can interact with strong bases 
like OH to from the anionic borate ester 2 (Scheme 1). Most boronic acids 
show typically high pK^ values of about 9 for this reversible reaction [40-45]. 
Boronic acid forms reversible covalent bonds with diols to form boronate 
diester 3, Scheme 1 [29]. Also, the formed boronate diester interacts with OH 
ions to form 4. However, in comparison to the boronic acid (1) the boronate 
diester (3) shows higher acidity due to a more electrophilic boron atom. 
Accordingly, boronate diester shows relatively reduced pK^Js (around 6). 
During the process of these reversible reactions, the boronic acid group 
undergoes electronic and structural changes as shown in the Scheme 1. In other 
words, boronic acid is initially an electron acceptor and after binding with the 
glucose it becomes an electron donor with in the same pH medium. 

The affinity of the boronic acid is directly proportional to the number of 
available vicinal hydroxyl groups. Subsequently, the monophenylboronic acid 
shows higher affinity towards D-fructose over D-glucose because of stronger 
tridentate and weaker bidentate type binding with D-fructose and D-glucose 
respectively, with binding constants of « 0.5 and 170 mM respectively [46]. The 
affinity of the boronic acid towards sugars is tunable by adjusting the geometry 
and substituents on the fluorophore moiety. A geometrically suitably placed 
diboronic acid containing fluorophore, ANDBA, shows higher affinity towards 
D-glucose over D-fructose. Hence glucose sensitive probes can be made with a 
variety of affinities, in the mM range for blood glucose [42-44], and in the îM 
range for tear glucose [47,48]. Also the p^a of the boronic acid can be 
modulated according to the medium of interest. For example, as we can see in 
this section, the sugar response of most of the probes reported in the literature 
has been conducted in slightly elevated pH solutions such as pH 8. In contrast 
to this the new probes developed based on the quinolinium moiety show 
excellent sugar response in physiological pH solutions, also in slightly acidic 
media such as in a contact lens. This is due to the reduced p^a of the new 
quinolinium probes. An increase and decrease in boronic acid pK^ can be 
observed with substituents with electron donating and accepting nature. 
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respectively, on the phenyl ring. Here we have used strategic design logic by 
using an electron withdrawing quaternary nitrogen center within the interacting 
space of boronic acid to reduce the boronic acid p^a- Also, in contrast to the 
other probes, because of the positively charged quinolinium moiety, these 
probes are readily water soluble and are therefore potentially useful for 
physiological applications. In essence we have several options to fine tune the 
glucose response of the probes within the medium of interest [47,48]. 

A wide range of transduction mechanisms have been employed in the 
design of boronic acid containing fluorophores including intramolecular charge 
transfer (ICT), photoinduced electron transfer mechanism (PET) and so on. The 
extent of fluorescence signal change during the sugar binding can be quantified 
to construct the calibration curves for accurate sugar detection. In the following 
section we have described the response of a few representative boronic acid 
probes towards monosaccharides in buffered solutions. The molecular 
structures of the probes are shown in Chart 1. 

ICT Probes 
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Chart 17.1. Molecular structures of the ICT and PET probes studied in the contact lens. DSTBA -
4'-Dimethylaniinostilbene-4-boronic acid; CSTBA - 4'-Cyanostilbene-4-boronic acid; DDPBBA -
l-(p-Boronophenyl)-4-(p-dimethylaminophenyl)buta-l,4-deine; Chalc 1 - 3 -
[4'(Dimethylaniino)phenyl]-l-(4"-boronophenyl)-prop-2-en-l-one; Chalc 2 - 5-[4'-
(Dimethylamino)phenyl]-l-(4'-boronophenyl)-pent-2,4-dien-l-one; ANDBA - 9,10-bis-[[A^-
methyl-A^-(o-boronobenzyl)amino]methyl]anthracene; and ANMBA - 9-[[A -̂methyl-A -̂((9-
boronobenzyl)anuno]methyl]anthracene. 
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17.2.1. Boronic Acid Probes with Intramolecular Charge Transfer 
Mechanism 

Compounds with suitably placed electron donor and acceptor groups show 
intramolecular charge transfer (ICT) features in their absorption and emission 
spectra [49]. The extent of ICT efficiency in a system can be easily altered by 
changing the external parameters such as polarity of the medium; an increase in 
ICT efficiency is a common observation with increasing solvent polarity. An 
increase in ICT would result in a characteristic red shift in the spectrum. An 
opposite observation is noticed when the polarity of the medium is reduced. It is 
also commonly observed that most probes show reduced and increased 
fluorescence quantum efficiencies with an increase and decrease in ICT 
efficiency in a system, respectively. 

In addition to the solvent polarity, modulations in the donating and 
accepting capabilities of the donor and acceptor units, respectively, result in 
spectral shifts and intensity changes. As mentioned in Section 17.2, the 
electronic properties of boronic acid were altered during the binding with 
saccharides; boronic acid is an electron acceptor and the corresponding 
boronate diester is no longer an acceptor and even acts as a donor when it is 
coupled with a suitable acceptor group on the fluorophore moiety [46]. As a 
result, boronic acid probes employing the ICT mechanism show spectral shifts 
along with the changes in quantum yield upon binding with saccharides, 
providing unique ratiometric probes for saccharide sensing [46]. Here we can 
demonstrate these features with a few examples. The molecular structures of the 
probes are shown in Chart 1. As shown, two stilbene derivatives (DSTBA and 
CSTBA) a polyene derivative DDPBBA and two chalcone derivatives (Chalc 1 
and Chalc 2) are considered. DSTBA ad DDPBBA combines the electron-
donating dimethylamino group with the electron withdrawing boronic acid 
group, and CSTBA combines the electron withdrawing cyano group with the 
boronic acid, in essence these two sets of probes show both decreased and 
increased ICT respectively, upon binding with glucose. 

Chalcone derivatives, Chalc 1 and Chalc 2, unlike the stilbenes have the 
advantage of much longer wavelength emission [45]. This is particularly 
attractive as longer wavelength emission potentially reduces the detection of 
any lens or eye autofluorescence, as well as scatter (X'^ dependence), and also 
allows the use of cheaper and longer wavelength laser or light emitting diode 
excitation sources, reducing the need for UV excitation in the eye. 

In chalcone probes the boronic acid group does not produce resonance 
forms with the electron donating amino group. The CT occurs between the 
dimethylamino group (electron donating group) and the carbonyl group 
(electron withdrawing group) (Scheme 2). Upon sugar binding to the boronic 
acid group, then a change in the electronic properties of the boron group, both 
when free and when complexed with sugar, leads to a change in the electronic 
density of the acetophenone moiety and subsequently the CT properties of the 
excited state of the fluorophore, noting that boronic acid group is in resonance 
with the carbonyl group [45]. 
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Scheme 17.2. Ground and excited state electronic distributions involved in the neutral and anionic 
forms of the boronic acid group of Chalc 1. For the case of interaction with OH', the diol should be 
replaced by two OH" groups. 

Figure 17.2 shows the effect of sugar on the emission properties of DSTBA 
in pH 8.0 buffer-methanol (2:1, v/v) solution. The emission spectrum shows a 
hypsochromic shift of about 30 nm and an increase in fluorescence intensity as 
the concentration of fructose increases (Figure 17.2 - left). These dramatic and 
useful changes can simply be explained by the loss of the electron withdrawing 
property of the boronic acid group following the formation of the anionic form 
as shown in Scheme 1. A similar response has been observed with the polyene 
derivative DDPBBA (Figure 17.2 - middle) [46]. 

The other stilbene derivative CSTBA possesses two electron withdrawing 
groups, boronic acid and cyano groups, in the absence of sugar. In the presence 
of sugar as shown in Figure 17.2 - right, we can observe a bathochromic shift 
of about 25 nm, and a decrease in the intensity at pH 8, which is opposite to that 
observed for DSTBA. This change has been attributed to an excited CT state 
present for the anionic form of CSTBA, where no CT state has been observed 
for the neutral form of the boronic acid group [46], suggesting that the anionic 
form of the boronic acid group can act as an electron donor group. Similar to 
that of DSTBA and DDPBBA, Chalc 1 and Chalc 2 show an excellent response 
to sugar and pH, resulting from the reduced ICT in the systems upon sugar 
binding [46]. 
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Figure 17.2. Emission spectra of DSTBA (left), DDPBBA (middle) and CSTBA (right) in pH 8.0 
buffer/methanol (2:1) with increasing concentrations of fructose, T^tx for DSTBA and DDPBBA is 
340 and for CSTBA, 320 nm. 
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Figure 173. Ratiometric response plot for DSTBA (Left) and CSTBA (Right) in pH 8.0 buffer / 
methanol (2:1) with glucose and fructose. 

A few representative titration curves for DSTBA and CSTBA are shown in 
Figure 17.3, the dissociation constants for DSTBA, DDPBBA, CSTBA, Chalk 
1 and Chalc 2, are shown in Table 17.1. As previously mentioned, monoboronic 
acid derivatives show higher affinities for D-fructose, and the affinity decreases 
for D-glucose. As for the data provided in this section, one quickly realizes that 
the probes based on the ICT mechanism are potential candidates for 
physiological glucose monitoring. 

Table 17.1. Dissociation constants (KD, mM) of the boronic acid probes for glucose and fructose. 

Glucose 
Fructose 

DSTBA 
98 
2.5 

DDPBBA 
17 
1.1 

CSTBA 
18 

0.65 

Chalcl 
34 
2.5 

Chalc2 
30 
2.1 

ANDBA 
0.51 

ANMBA 
21.3 

^The dissociation constant (A:D) values of DSTBA, DDPBBA and CSTBA were measured at pH 8.0 
for that of Chalc 1 and Chalc 2 were obtained in pH 6.5 buffer. 

17.2.2. Boronic Acid Probes having Photoinduced Intramolecular Electron 
Transfer Mechanism, (PET). 

The anthracenediboronic acid derivative, ANDBA, is the one of the well-
known boronic acid probes specific for glucose detection, developed by Shinkai 
et al. in 1995 [30]. The corresponding monophenylboronic acid probe ANMBA 
(Chart 1), is nonspecific for any saccharide, and shows high affinity towards 
fructose, as is the case with any monophenyl boronic acid based probe. The 
glucose specificity for ANDBA is due to the geometrically suitably appended 
two boronic acid moieties: the two boronic acid groups bind either side of the 
plane of the glucose ring as shown schematically in Figure 17.4 [30]. This novel 
approach of designing glucose specific probes has triggered vast amounts of 
interest in the research community over the last 10 years. 

V r\ iCOzi 

o= ucose / / = A 

Figure 17.4. A Schematic representation of glucose binding with the diboronic acid derivative, 
ANDBA. 
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The fluorescence spectra of ANDBA and ANMBA in pH 8.0 buffer-
methanol (2:1, v/v) with glucose are shown in Figure 17.5 [42]. The 
fluorescence intensity of these probes increases with increasing concentrations 
of the monosaccharides. This is because; originally in these systems a 
photoinduced electron transfer from the donor amine to the acceptor anthracene 
results in fluorescence quenching. Subsequent binding with monosaccharides, 
boronic acid shows increased acidity, which interacts more firmly with the 
nitrogen lone pair of electrons than before, thus reducing the PET interaction in 
the system. The suppressed PET interaction results in the emission 
enhancement of the probe. Subsequently, the probes show fluorescence 
enhancement in the presence of glucose. In contrast, the monophenylboronic 
acid derivative ANMBA shows a relatively weaker affinity towards glucose 
over the diboronic acid derivative ANDBA. The measured dissociation 
constants (KD) are 21.3 and 0.51 mM for ANMBA and ANDBA, respectively, 
with glucose (Table 17.1) [42]. 

In addition to the fluorescence intensity enhancement, these probes show 
considerable increase in their fluorescence lifetimes with increasing sugar 
concentration [42]. Figure 17.6 shows frequency domain decay profiles of ANMBA 
and ANDBA in pH 8.0 buffer-methanol (2:1, v/v) with and without glucose. Similar 
to the wavelength ratiometric sensing of analytes, lifetime based sensing has intrinsic 
advantages for biomedical fluorescence sensing and is thus considered to 
provide for a more reliable analytical method [49]. As seen from Figure 17.6, 
these probes show increases in lifetime with increasing concentrations of 
glucose. A fluorescence lifetime change from 9.8 to 12.4 and 5.7 to 11.8 ns for 
ANMBA and ANDBA respectively has been observed. Although these probes 
are insoluble in water or indeed in physiological fluids, based on the results 
from steady-state and lifetime measurements, they serve to demonstrate that 
these probes, especially ANDBA, are potential PET based boronic acid probes 
for physiological glucose sensing applications [42]. 

380 400 420 440 460 480 500 520 540 

Wavelength / nm 
380 400 420 440 460 480 500 520 540 

Wavelength / nm 

Figure 17.5. Fluorescence spectral changes of ANMBA (A) and ANDBA (B) in pH 8.0 buffer / 
methanol (2:1) with increasing concentrations of glucose, êx = 365 and 380 nm for ANMBDA and 
ANDBA, respectively. 
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Figure 17.6. Effect of glucose on the frequency-domain decay profiles for ANMBA (A) and 
ANDBA (B) in pH 8.0 buffer / methanol (2:1) mixture. The lines represented the global fits with 
two lifetimes. 

17.3. LENS FEASIBITY STUDY 

As briefly mentioned in the introduction, the continuous monitoring of 
glucose may be possible using a contact lens embedded with a suitable glucose 
sensing probe, whose glucose sensing response is retained within the contact 
lens environment. In this regard we are interested to see the applicability of the 
probes discussed in Section 17.2 towards glucose monitoring within a 
disposable, off-the-shelf, contact lens. 

17.3.1. Lens Doping and Contact Lens Holder 

The details of the probe doping in to the contact lens has been described 
previously [20-26]. Briefly, the contact lenses were washed several times with 
Millipore water at 20*̂ C to remove the salts and other preservatives from the 
contact lens. The contact lens is a polyvinyl alcohol type photo-cured polymer 
which swells slightly in water. Its hydrophilic character readily allows for the 
diffusion of the analytes in tears. The probe doping was conducted by 
incubating the lenses in a high concentration of the respective B AFs solution for 
24 hrs before being rinsed with Millipore water. Lenses were used directly after 
being prepared. Doped contact lenses, which were allowed to leach excess dye 
for 1 hr, were inserted in to the contact lens holder, Figure 17.7. The quartz lens 
holder, which was used in all the lens studies, has dimensions of 4 x 2.5 x 0.8 
cm, all 4 sides being of optical quality. The contact lens is mounted onto a 
stainless steel mount of dimensions 4 x 2 x 0.4 cm, which fits tightly within the 
quartz outer holder. A circular hole in the center of the mount with a 1.5 cm ID, 
has a raised quartz lip, which enables the lens to be mounted. The mount and 
holder readily allow for « 1.5 cm^ of solution to be in contact with the front and 
back sides of the lens for the sugar sensing experiments. Buffered solutions of 
sugars were then added to the lens. Fluorescence spectra were typically taken 15 
mins after each sugar addition to allow the lens to reach equilibrium. Excitation 
and emission was performed using a Varian fluorometer, where the geometry 
shown in Figure 17.7 - right, was employed to reduce any scattering of the 
excitation light, the concave edge of the lens facing towards the excitation 
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Figure 17.7. Contact lens mount and quartz holder (Left top and Bottom, respectively) and 
experimental geometry used for contact lens glucose sensing (Right). Adopted from ref. 24. 

source. We additionally tested the lens excited from the convex edge, just as 
would be used in the eye, and encouragingly found identical results. 

17.3.2. Response of ICT Probes within the Contact Lens 

17.3.2,1. Stilbene Derivatives 

Figure 17.8 shows the emission spectra and titration curves for a DSTBA 
doped contact lens towards both glucose and fructose. As expected the 
magnitude of the response towards fructose is greater, reflecting the higher 
affinity of monoboronic acids for fructose [46]. Comparing the response of 
DSTBA in both solution and lens (Figure 17.3 left and Figure 17.8 right), we 
can see that an opposite response is observed in the lens, where the emission 
spectra similarly shows a blue shift, accompanied by a decrease in intensity as 
the fructose concentration is increased. In addition, the sugar affinity is 
decreased slightly in the lens [20,26]. 

0.0 mM 

/ / i 
/ i 

/ / / J 140 mM V^ 

?^v4 '0<>''\ /l i-N>\\^ 
P^^p$% 
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^ ^ ^ k 
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Wavelength / nm 
0 20 40 60 80 100 120 140 
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Figure 17.8. Emission spectra of the DSTBA doped contact lens, pH 8.0 buffer / methanol (2:1), 
with increasing concentrations of glucose (left) and corresponding spectra with increasing 
concentrations of fructose (middle). X^x = 340 nm. Intensity ratio plot for the DSTBA doped contact 
lens towards both glucose and fructose (right), where / and / ' are the intensities in the presence and 
absence of sugar respectively at A<em max. 
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Figure 17.9. Emission spectra of the CSTBA doped contact lens, pH 8.0 buffer / methanol (2:1), 
with increasing concentrations of glucose (left) and corresponding spectra with increasing 
concentrations of fructose (middle). >̂ x = 320 nm. Intensity ratio plot for CSTBA doped contact 
lens towards both glucose and fructose (right), where / and / ' are the intensities in the presence and 
absence of sugar respectively at A.em max. 

Similarly Figure 17.9 shows the response of CSTBA in the lens for both 
glucose and fructose. While a similar reduction in intensity is observed as 
compared to solution, no red shift in the emission is observed, indicative of a 
reduction in the electron donating capability of the anionic sugar bound form 
[20,26]. 

The lack of suitable spectral shifts in the presence of sugar eliminates, at 
this stage, the possibility of wavelength ratiometric sensing as shown for the 
solution based measurements in Figure 17.3. Subsequently, Figure 17.8-right 
and Figure 17.9-right compares the responses of the stilbene probes, DSTBA 
and CSTBA, based on a simple intensity ratio measurement. It is interesting to 
see the much greater response with fructose for CSTBA in the lens as compared 
DSTBA, where notable changes in intensity occur at < 20 mM [fructose]. 
However the glucose response of DSTBA in the contact lens appears more 
promising for [glucose] < 10 mM, where a 10 % fluorescence intensity change 
is observed for « 10 mM glucose at pH 8.0. The greater response of CSTBA 
within the contact lens may arise from the relatively lower p^a value for 
CSTBA over the DSTBA probe. The apparent ^K^ values for CSTBA and 
DSTBA are 8.17 and 9.14, respectively [46]. 

17.3.2.2 Polyene Derivative 

The spectral response of DDPBBA in the contact lens is also different to 
that observed in solution, c.f. Figure 17.2-middle and Figure 17.10, where a 
decrease in intensity is typically observed for increasing sugar concentration, 
and a slight blue shift is evident for fructose binding. This is in contrast to 
solution-based responses which show both a blue shifted and increased 
emission, Figure 17.2-middle. While the general spectral changes observed for 
both DSTBA (Figure 17.8) and DDPBBA (Figure 17.10), are similar, a greater 
dynamic response to sugar is observed for DSTBA as compared to DDPBBA, 
c.f. Figure 17.8 - right and Figure 17.10 - right. In addition, the response of 
DDPBBA towards both glucose and fructose are similar over the sugar 
concentration range studied. Figure 17.10 - right, as compared to the 
significantly different responses observed for both sugars for DSTBA and 
CSTBA, Figure 17.8- right and Figure 17.9-right [20]. 
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Figure 17.10. Emission spectra of the DDPBBA doped contact lens, pH 8.0 buffer / methanol (2:1), 
with increasing concentrations of glucose (left) and corresponding spectra with increasing 
concentrations of fructose (middle), êx = 320 nm. Intensity ratio plot for DDPBBA doped contact 
lens towards both glucose and fructose (right), where / and / ' are the intensities in the presence and 
absence of sugar respectively at A,em max. 

17.3.2.3 Chalcone Derivatives 

The response of Chalc 1 and Chalc 2 doped contact lenses towards sugar 
are shown in Figures 17.11 and 17.12 respectively. Both chalcone doped lenses 
display similar responses to sugar, Figures 17.11 and 17.12 - right respectively, 
only their respective emission wavelengths differ. Chalc 1 shows an emission 
centered around 560 nm in the lens as compared to 580 nm in solution (not 
shown), while Chalc 2 shows an emission centered at 630 nm as compared to 
665 nm in solution [20]. In contrast to the responses observed in solution, a 
reduction in fluorescence intensity is observed for both Chalc 1 and 2 doped 
contact lenses. Interestingly, the solution response for Chalc 2 towards 100 mM 
fructose at pH 8.0 produces a « 3 fold increase in fluorescence emission, as 
compared to the « 2.6 fold reduction for the same fructose concentration in the 
contact lens [20]. 

Wavelength / nm Wavelength / nm 
10 20 30 40 50 60 70 80 90 100 
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Figure 17.11. Emission spectra of Chalc 1 doped contact lens, pH 8.0 buffer/ methanol (2:1), with 
increasing concentrations of glucose (Top left) and corresponding spectra with increasing 
concentrations of fructose (Top right). A<ex = 430 nm. Intensity ratio plot for Chalc 1 doped contact 
lens towards both glucose and fructose (bottom), where / and / ' are the intensities in the presence 
and absence of sugar respectively at >.em max. 
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Figure 17.12. Emission spectra of Chalc 2 doped contact lens, pH 8.0 buffer / methanol (2:1), with 
increasing concentrations of glucose (Top left) and corresponding spectra with increasing 
concentrations of fructose (Top right). X.ex = 460 nm. Intensity ratio plot for Chalc 2 doped contact 
lens towards both glucose and fructose (Bottom), where / and / ' are the intensities in the presence 
and absence of sugar respectively at A,em max. 

17.3.3. Response of the PET Probes within the Contact Lens 

The emission spectra of ANDBA in the lens with glucose are presented in 
Figure 17.13 [26]. The response of the probe towards glucose and fructose in 
the lens is compared in figure 17.13 -right. It is evident from the figure that ANDBA 
in acontact lens has lost its ability to respond to glucose, an insignificant spectral 
change is observed within the contact lens. Similar to ANDBA, the monophenylboronic 
acid derivative ANMBA shows non responsive spectral behavior towards 
glucose and fructose within the contact lens. Still it is of interest to note here 
that the diboronic acid derivative ANDBA still shows the glucose selectivity 
over the fructose. Figure 17.13-right. 

17.3.4. Contact Lens Internal Properties and Effect on the Sensing Ability 
of the Probes 

In most cases the response towards glucose in the lenses was significantly 
different, with drastically reduced glucose responses, as compared to the 
response typically observed at physiological pH [20,26]. To understand the 
different response of these probes within the contact lens, as compared to that in 
buffer, we have estimated the local pH and polarity of the contact lens and 
effect of the pH on the signaling behavior of the probes. Figure 17.14 shows the 
emission spectra of DDPBBA in different pH solutions in the presence of 
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Figure 17.13. Emission spectra of ANDBA doped contact lens, pH 8.0 buffer / methanol (2:1), with 
increasing concentrations of glucose (Left). 7^^ = 365 nm. Intensity ratio plot for ANDBA doped 
contact lens towards both glucose and fructose (Right), where / and lo are the intensities in the 
presence and absence of sugar respectively at X^m max. 
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Figure 17.14. Emission spectra of DDPBBA in different pH media (buffer/methanol, 2:1) with 
increasing glucose concentrations. A,ex = 340 nm. 

increasing concentrations of glucose. As with all the other probes studied, we 
observed that the response towards glucose in the contact lens was similar to the 
response observed in « pH 6.0 bulk solutions, c.f. Figure 17.10-left and 17.14 
bottom right [20]. 

We subsequently doped the well-known pH sensitive probe fluorescein [49] 
within the lenses, and determined that the lenses had an unbufferable pH of « 
6.1, Figure 17.15-left. However, the influence of an acidic lens pH does not 
solely explain the spectral shifts observed in Figures 17.10 and 17.14, with 
DDPBBA additionally showing a 50 nm hyposchromic shift within the contact 
lens. An investigation of the polarity within the contact lens, using the pyrene /y 
and I3 band ratio's (/y/Zj) [20,50,51], Figure 17.15-right, revealed a lens polarity 
similar to that of methanol, which in hindsight was not too surprising, given the 
nature of the polymer, i.e. it is PVA based. Thus the difference in the polarity 
and pH may cause the difference in the response of the probes within the 
contact lens when compared to that in solution. 

17.4. RATIONALE DESIGN OF NEW GLUCOSE SENSING PROBES 

Feasibility studies of doped lenses using the above mentioned boronic acid 
probes produced poor glucose responses, rationaled as due to the mildly acidic 
pH and methanol like polarity within the contact lens, and the subsequent effect 
on the transduction mechanisms, ICT or PET [20]. This was also not surprising, 
given the fact that these probes were designed for sensing at a physiological pH 
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Figure 17.15. Fluorescein lifetime versus pH of the medium, and the lifetime of a fluorescein doped 
contact lens, (Left). Fluorescence spectra of pyrene doped contact lens to asses the polarity inside 
the contact lens (Right). The obtained I1/I3 data is close to that of methanol. 

of « 7.4, the probes typically having p/iTa around 9 [46]. Hence to obtain a 
notable glucose response in the contact lens polymer, it was deemed necessary 
to design new probes with significantly reduced sugar-bound p^a values. In 
addition to the environmental parameters and constraints of pH and polarity, the 
probes also have to be sensitive to the very low concentrations of tear glucose, « 
500 |iM for a healthy person, increasing up to several mM for diabetics, 
recalling that the blood glucose levels for a healthy person are « 10-fold higher 
[20-26]. 

As mentioned in section 17.2, the pK^ of phenyl boronic acid is known to 
be tunable with the appropriate substituents [52], for example, an electron 
withdrawing group reduces the pK^ of the sugar bound form, while an electron 
donating group increases it. This is clear from the apparent pK^ values of 
DSTBA and CSTBA (see section 17.3.2.1 and Table 17.2). We therefore 
considered the interaction between the electron accepting quaternary nitrogen of 
the 6-methyl- and methoxyquinolinium moieties and the boronic acid group, 
which reduces the pKa of the probe [47,48]. In this regard we have synthesized 
2 new classes of isomeric boronic acid containing probes. Chart 2, where the 
spacing between the interacting moieties, quaternary nitrogen of the 6-methyl-
or methoxyquinolinium and boronic acid groups, enables both an understanding 
of the sensing mechanism to be realized, and the selection of the most suitable 
isomer based on its glucose binding affinity. In addition, control compounds 
(BMQ and BMOQ), which do not contain the boronic acid moiety, and are 
therefore insensitive towards sugar, were synthesized to understand the spectral 
properties and responses of the probes. Chart 2 [47,48]. 

17.5. GLUCOSE SENSING PROBES BASED ON THE QUINOLINIUM 
MOIETY 

The synthesis and detailed spectral features of the new quinolinium based 
boronic acid containing probes (o-BMQBA-A/^-(2-boronobenzyl)-6-methyl-
quinoHnium bromide, m -BMQBA-A^-(3-boronobenzyl)-6-methylquinolinium 
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Methoxyquinolinium derivatives 
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H 3 C c A ^ H3CCrCO H 3 C 0 ^ 2 ^ H3CC^03 H3CO 
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(HO)2B^ ;o 
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Chart 17.2. Molecular structure of the boronic acid probes based on quinolinium nucleus as the 
fluorophore. o-, m-, and p-BMOQBA - N-{2-, 3-, 4-boronobenzyl)-6-methoxylquinolinium 
bromide, and the control compound (BMOQ-N-benzyl-6-methoxyquinolinium bromide); o-, m-, 
and /7-BMQBA - N-{2-, 3-, 4, -boronobenzyl)-6-methylquinolinium bromide, and the corresponding 
control compound (BMQ-A^-benzyl-6-methylquinolinium bromide) 

bromide, /7-BMQBA-A^-(4-boronobenzyl)-6 - methylquinolinium bromide) and 
the control compound (BMQ-A^-benzy 1-6-methylquinolinium bromide), were 
described in recent reports [47,48]. These new probes consisting of a quaternized 
nitrogen center are readily water soluble, alleviating the need to use methanol 
to solubalize the probes as discussed in section 17.2. Also these probes have 
unique spectral properties, in particular very large Stoke-shift (about 100 nm), 
and are therefore most attractive to use in sensor applications. 

17.5.1. Spectral Properties and Signaling Mechanism 

Before we test the glucose sensing ability of the quinolinium probes we 
examined the pH response of these probes to estimate the boronic acid pA'g. 
Figure 17.17 shows the emission spectra of t?-BMOQBA and o-BMQBA in 
buffer media whose pH is increased from pH 3 to 11. The emission spectra 
typically show a steady decrease in fluorescence intensity with increase in pH 
from 3 to 11. In contrast, the control compounds (BMOQ and BMQ) having no 
boronic acid group show no change in fluorescence intensity with varying the 
pH of the medium. Subsequently the apparent pÂ a values of the boronic acid 
probes from the corresponding titration curves in the absence and in the 
presence of 100 mM glucose and fructose, obtained by plotting the normalized 
intensities at band maximum versus pH, are shown Table 17.2 [47,48]. 
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Figure 17.17. Emission spectra of o-BMOQBA (Left) and o-BMQBA (Right) in buffer media, êx 
for BMOQBA and BMQBA was 345 and 320 nm, respectively. 

As anticipated we can see considerably reduced p^a values for the new 
phenylboronic acid probes in buffered media, as compared to the typical 
boronic acid probes reported in the literature [40-45]. For comparison the pK^, 
values of these probes along with those for the probes mentioned in Section 
17.2 are depicted in Table 17.2. The interaction between the quaternary nitrogen 
center and the boronic acid group not only reduces the pK^, of the probes, but 
also serves to stabilize the boronatediester, formed upon sugar complexation. 
This in turn increase the affinity of the probes towards sugar. Hence the reduced 
sugar bound pK^ of these new probes, coupled with their increased glucose 
affinity, is most attractive for our glucose sensing contact lens application, 
noting our previous findings of a lens pH around 6.1 [20]. 

Table 17.2. Apparent pATa values for boronic acid probes in buffer and the effect of 100 mM sugars 
Probe 
o-BMOQBA 
/w-BMOQBA 
/i-BMOQBA 
o-BMQBA 
m-BMQBA 
p-BMQBA 
DSTBA 
CSTBA 
DDPBBA 
Chalc 1 
Chalc 2 

In buffer 
7.90 
7.70 
7.90 
6.70 
7.75 
7.80 
9.14^ 
8.17 
8.90 
7.50 
7.50 

+100 mM Glucose 
6.62 
6.90 
6.90 
6.10 
6.85 
6.95 
8.34 
7.30 
6.97 
___ 
-_ 

+100 mM Fructose 
4.80 
5.00 
5.45 
5.00 
5.05 
5.45 
6.61 
5.84 
6.20 
5.40 
5.20 

^The pATa values for the probes DSTBA, CSTBA, DDPBBA, Chalc 1 and Chalc 2 are from Ref. 46. 

17.5.2. Signaling Mechanism in Quinolinium Probes 

As mentioned in Section 17.2 and Scheme 1, the boronic acid group 
undergoes dramatic electronic and structural changes upon binding with a sugar. 
These dramatic changes in the boronic acid properties lead to the drastic 
changes in their absorption and fluorescence spectra. We can simply explain 
these effects on the spectral properties of the quinolinium probes in two ways. 
Firstly, phenyl group having a negatively charged boronate diester as in 
compound 4 of Scheme 1 is a relatively better donor over the corresponding 
phenylboronic acid group of 1 in Scheme 1, which substantially increases the 
photoinduced electron transfer (PET) efficiency in the system, leading to 
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fluorescence quenching [53,54]. Secondly, it is well known that quinolinium 
derivatives exhibit higher fluorescence intensities over the parent quinolines. 
This is because, in the parent quinolines, the low-lying triplet n-7i* state 
deactivates the excited fluorophores, considerably [55-57]. Upon 
quartemization, i.e. in quinolinium derivatives, such a deactivation pathway is 
removed. However partial neutralization of the quinolinium nitrogen by the 
electrostatic type interaction between the nitrogen and anionic boronate diester, 
formed upon sugar binding, (Figure 17.18) could result in fluorescence 
quenching. Based on the results obtained with several structurally similar 
systems, we have recently proposed an alternate mechanism called ''charge 
neutralization/stabilization" mechanism that could also contribute some extent 
to the fluorescence quenching of these probes in the presence of glucose 
[47,48]. This mechanism can be explained schematically as shown in Figure 
17.18. 

+ Glucose 
Br J. 1 -H2O Br I —I^^OH 

R^'^'-v.^^'^^^ +H2O R-̂  

Fluorescence On-State Fluorescence Off-State 

Figure 17.18. A schematic representation of the charge neutralization-stabilization mechanism with 
regard to glucose sensing. The bold-line between the N^ and boron atom in the structure shown in 
the right side of the equation indicates the increased interaction between them, and is not intended 
to show covalent bond formation between the two atoms. 

To understand the nature and extent of the quenching mechanisms, we 
developed isomeric boronic acid probes, where the spacing between the boron 
and nitrogen is varied. This is because among the both quenching mechanisms 
discussed above, the PET mechanism is independent on the space between the 
positively charged nitrogen and negatively charged boronate diester, while the 
charge neutralization/stabilization mechanism does depend on this space: 
charge stabilization will reduce with increasing space. However, based on the 
present results we are not to draw the distinctions between both mechanisms, 
and are working together making these probes useful for the tear glucose 
estimation [47,48]. 

17.5.3. Sugar Response of the Quinolinium Probes in Solution 

The monosaccharide induced spectral changes of the probes are shown in 
Figure 17.19. In an analogous manner to that described above for increasing 
pH, we observed a systematic decrease in fluorescence intensity of the boronic 
acid probes with increasing glucose concentrations in pH 7.5 phosphate 
buffer [47,48]. The corresponding titration curves obtained by plotting / ' 
divided by /, where / ' and / are fluorescence intensities at 427 nm 
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Figure 17.19. Emission spectra of BMOQBAs (Left column) and BMQBAs (Right column) in pH 
7.5 phosphate buffer with increasing glucose concentration. The X^f. for BMOQBAs was 345 nm 
and for BMQBAs 320 nm. 

for BMQBA and 450 nm for BMOQBA, in the absence and presence of 
sugar respectively, versus glucose concentration, are also shown in Figure 
17.20. The right-hand column of Figure 17.20 shows the response of the probes 
in the tear glucose concentration range. 

For the BMOQBA probes we typically see a greater response for the para-
isomer, with a 2.4-fold change in signal for 50 mM glucose. Interestingly, a « 
13 % change in signal is observed up to 2 mM glucose, noting that glucose 
levels in tears can change from « 500 fiM for a healthy person, and up to 5 mM 
for diabetics. For orr/io-BMQBA, then a «16 % change in fluorescence signal 
can be observed over a similar glucose range [47,48]. 

The dissociation constants of the probes with both glucose and fructose in 
pH 7.5 phosphate buffer are presented in Table 17.3. As expected, a higher 
affinity for fructose is observed (lower K^ value), which is a general 
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observation for monophenyl boronic acid derivatives [40-46], but it should be 
noted that the concentration of fructose in tears is substantially lower than 
glucose [20-26]. A comparison of the trends in glucose response observed in 
Figure 17.20, and the recovered KD values in Table 17.3, show some 
differences, which we have attributed to the difficulties encountered during data 
fitting. While beyond the scope of this text, these fitting difficulties clearly 
reflect the need for a new kinetic sugar binding function with our new probes. 
Further studies are underway in this regard. Based on the data presented here, 
these probes having lower p^a values, may be useful for the continuous 
monitoring of glucose using disposable contact lenses. 
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Figure 17.20. Respective intensity ratio for all three isomers of BMOQBAs in the absence, /', and 
in the presence, /, of glucose, (Top left), and in the tear glucose concentration range (Top right). 
The corresponding plots for BMQBAs are also shown in the blood glucose concentration range and 
tear glucose concentration range, (Bottom right and Bottom left, respectively). 

Table 17.3. Dissociation constants, ^D (mM), of the probes with glucose and fructose in buffer and 
in the contact lens. 

Probe 
o-B]V10QBA 
fft-BMOQBA 
p-BMOQBA 
o-BMQBA 
w-BlVIQBA 
P-BIVIOBA 

Glucose 
Buffer 
49.5 
1000 
430.0 
100 
476 
370 

Lens 
322.6 
54.6 
111.1 
17.9 
58.1 
128.2 

Fructose 
Buffer 
0.65 
1.8 
9.1 
4.7 
13.2 
13.8 

Lens 
84.7 
4.9 
34.7 
34.8 
21.6 
12.9 
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17.5.4. Response of the New Glucose Signaling Probes in the Contact Lens 

Doped contact lenses, which were previously washed and allowed to leach 
dye for 1 hour, were tested towards both glucose and fructose. Buffered 
solutions of sugars were added to the lens, pH 7.5 phosphate buffer, in an 
analogous manner to ocular conditions. Fluorescence spectra were typically 
taken 15 mins after each sugar addition to allow the lens to reach equilibrium. 
The 90 % response time, the time for the fluorescence signal to change by 90 % 
of the initial value, was « 10 minutes. 

Figure 17.21 shows the response of 6>-BMOQBA and o-BMQBA, Top and 
Bottom left respectively, for increasing concentrations of glucose injected into 
the 1.5 cm^ volume [21-23]. Similar to the solution based measurements, the 
probes show a decrease in fluorescence intensity, which we attribute to the 
complexation of glucose with boronic acid and the subsequent quenching. We 
were again able to construct the IVI plots, where / ' is the intensity in the 
absence of sugar. Figure 17.21 Right. As was observed in solution. Fructose had 
a greater response, reflecting the greater affinity of monophenylboronic acid 
derivatives for fructose. However, in the low sugar concentration ranges, < 2 
mM sugar, the response towards both sugars was comparable [20-26]. 
Differences in the response towards glucose for the isomers could also be 
observed in the lenses. Figure 17.22, where m-BMOQBA was found to have the 
greatest response amongst this class of probes. 
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maximum for o-BMOQBA and o-BMQBA doped contact lens in the absence, /', and presence, /, of 
both Glucose and Fructose (Top right and Bottom right, respectively). 



CONTACT LENS FOR OPTHALMIC GLUCOSE MONITORING 421 

1.2b 

1.20 

1.1b 

1.10 

1.05 

1.00 

o 

0 
o • 

0.0 0.3 

^ A77-BMOQBA 

o 

° ^ p-BMOQBA 

, • O-BMOQBA 

• 

0.6 0.9 1.2 1.5 1.8 

[Glucose] / mM 

0 

• 

1.30 

1.25 

1.20 

I'/l 1.15 

1.10 

1.05 

1.00 

2.1 

V 

• 

0.0 

T 

• • 
o 

o 

0.3 

^ • p-BMQBA 

o-BMQBA 

• • 
o V B M Q B A 

0.6 0.9 1.2 1.5 

[Glucose] / mM 

• 

S 

.8 2.1 

Figure 17.22. The response of BMOQBAs (Left) and BMQBAs (Right) in the contact lens and in 
the tear glucose concentration range. 

From Figure 17.22 we can clearly see a greater response in the lens towards 
sugars than in our solution based studies at pH 7.5, with /7-BMQBA showing a 
greater than 20 % fluorescence signal change with as little as 2 mM glucose. 
This wasn't unexpected, and is simply explained by the pK^^ of the probes being 
< 7, the probes being compatible with the mildly acidic lens environment. The 
dissociation constants (^D) obtained for all six probes with glucose and fructose 
within the contact lens are shown in Table 17.3. As seen from the table, the 
affinity of the probes towards sugar is relatively less in the contact lens, and that 
may be due to the nonbufferable pH as mentioned earlier in Section 17.3. 

Figure 17.23 directly compares the response of the probes in both the 
contact lens and buffer, where we can see a comparable if not better response 
towards glucose in the lens in the low concentration range of sugar. However, 
in the high concentration range, the probe doped contact lens shows a weaker 
response towards sugar, and we are uncertain at this time but we speculate that 
the binding efficiency of the probes or the local environment such as pH and 
polarity of the lens still play a role on the binding interaction of the probes. 
Also, the probe location in the contact lens, glucose diffusion. 
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and probe leaching from the lens may well complicate the sensing response of 
the probes from within the contact lens as evident from the / V / Vs [sugar] 
plots. In this regard, the response of doped lenses also shows complex behavior 
towards mM fructose concentrations, with much simpler kinetics observed in 
the tear glucose concentration range (data not shown). 

For all our glucose contact lens sensing studies we repeated these doped 
lens experiments several times, and in all cases the trends were reproducible. It 
is difficult to assess the effect of the PVA hydroxyl groups of the contact lens 
polymer on the response of boronic acid to sugar, but our studies with solutions 
of glycerol indicated that sugar had much higher binding affinities than glycerol 
hydroxyl groups. We therefore speculate that sugars will preferentially bind 
boronic acid groups in the PVA lens polymer. In any event the boronic acid 
probes function well (reversibly) towards sugars in the lens, in what is likely to 
be an environment saturated with PVA hydroxyl groups. 

17.6. PROBE LEACHING, INTERFERENTS AND SHELF LIFE 

In the present study, as the probes are post doped into the contact lens one 
might expect to have the probe leaching during the glucose estimation. To 
understand the leaching properties of the probes from the contact lens polymer 
we have undertaken the study using the lens holder shown in Figure 17.7, which 
contained « 1.5 cm^ buffer at 20^ C. A Varian fluorometer measured the 
intensity change as a function of time to determine the percentage signal 
change, corresponding to dye leaching. It should be noted that with no sample 
present, no intensity fluctuations or drifts were observed, indicating stability of 
the fluorometer Xenon-arc source. 

We were able to observe up to about 8 % change in fluorescence intensity, 
attributed due to dye leaching, for the BMOQBA class of probes, with very 
little change after about 25 minutes. Figure 17.24. In contrast, the BMQBA 
probes show a much greater extent of leaching over the same time period and 
under identical conditions. Given that the BMQBA probes typically showed a 
greater response towards glucose in the lens, then this suggests that the 
BMQBA probes may be more accessible in the lens, than the BMOQBA 
probes. In addition, similar results were obtained at 38^C but with a different 
leaching rate [20-26]. 
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Figure 17.24. Emission spectra of o-BMQBA doped contact lens immersed in pH 7.5 buffer with 
time (Top left). A-ex = 320 nm. Normalized intensity change at band maximum of BMOQBA with 
time due to leaching (Top right), and that for the BMQBAs (Bottom). 
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In all our lens response studies described here, lenses were pre-leached to a 
steady-state fluorescence intensity before use. After glucose measurements were 
undertaken the outer lens fluid volume surrounding the contact lens was found 
to be non-fluorescent indicating that dye had not leached from the lens during 
actual glucose sensing measurements. It should be noted that while chemistries 
are available to covalently label our probes within the contact lens polymer, 
which would eliminate any leaching, it is an important design concern for our 
approach that the lenses remain unmodified, so that their physiological 
characteristics and compatibilities remain unchanged. In fact our approach is 
targeted at reducing future lens redesign costs for industry, by using simple 
probe doping. However, we have recently developed new set of second 
generation probes in which all the prerequisite conditions, such as low pK^, 
imposed by the contact lens were implemented [58]. Additionally these probes 
with an appending carbon-carbon double bond are useful as the contact lens 
immobilizable probes to eliminate the leaching. The molecular structure of the 
probes is shown in Chart 3. The solution based response of these probes is 
promising (data not shown) and further study of these probes within the contact 
lens is under consideration. 

As with all sensors it is important to consider the effects of potential 
interferents and sensor shelf-life on the working response of the device. 
Throughout much of this paper we have shown the response of the probes 
towards fructose, primarily because of its well- known greater affinity for the 
boronic acid moiety [40-46]. However, the concentration of fructose in blood is 
« 10 times lower than glucose [20], a relationship which is also thought to occur 
in tears [20]. Hence fructose is not thought to be a major interferent in tears, 
simply shown here to place the binding trends in context. However, tears are a 
complex mixture of proteins and other analtyes, such as sodium (120-170 mM), 
potassium (6-26 mM) and chloride (100 mM) [59]. We subsequendy tested 
these new contact lens probes towards various aqueous halides, given that Na"*" 
and K"*̂  are unlikely to perturb our fluorophores, Table 17.4. As expected, the 
BMOQBA probes are modestly quenched by chloride, with steady-state Stern-
Volmer constants in the range 170 - 182 M ^ the BMQBA probes having 
significantly smaller quenching constants in the range 17-44 M ^ This result is 

^B(0H)2 

p-DBQBA 

Chart 173. Molecular structure of the second generation probes based on naturally occurring 
quinine. 
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simply explained by the shorter Hfetime of the BMQBA probes as compared to 
the BMOQBA probes, and the probabihty of an excited-state chloride ion 
encounter [55-57]. Encouragingly, the BMQBA probes typically showed a 
greater response towards glucose, as well as being the least perturbed by 
aqueous chloride. In any event, simple corrections in the fluorescence signal can 
readily account for chloride interference on the glucose response. This is shown 
in Figure 17.1. Sensors spots on the surface of the lens could contain a reference 
chloride compound or indeed another probe sensitive to both glucose and 
chloride. By employing the extended Stern-Volmer equation for multiple 
analytes [55], one can easily correct for background interferences. 

Table 17.4. Stern-Volmer (Ks\, M'*) constants of the probes with halides in water. 

Probe 
o-BMOQBA 
m-BMOQBA 
p-BMOQBA 
BMOQ 
o-BMQBA 
m-BMQBA 
p-BMQBA 
BMQ 

CI 
170 
182 
177 
222 
44.0 
20.0 
17.0 
35.0 

Br 
332^ 
413 
370 
384 
55.0 
32.0 
26.5 
55.0 

I 
471^ 
540 
595 
520 
97.0 
48.0 
42.0 
71.0 

^The concentrations of Br and I in tears is extremely low and is unlikely to be an interferent in our 
glucose measurements. 

It is also informative to consider the pH of tears as a potential interferent, 
given the response of these probes to pH as shown in Figure 17.14. It is known 
that unstimulated tear pH levels can vary in the range 7.14 - 7.82 measured 
from healthy subjects at different times of the day, with a typical mean value 
around pH 7.45 [59]. However, a more acidic pH of less than 7.3 is found 
following prolonged lid closure, e.g. after sleep, which is thought to result from 
carbon dioxide produced by the cornea and trapped in the tear pool under the 
eye lids. While solutions of these new probes would be susceptible to these 
changes in pH, we have found that the doped lenses we studied were indeed 
unbufferable, hence external changes in pH are most unlikely to affect the 
glucose response 

With regard to the glucose-sensing contact lens shelf-life, lenses that had 
been doped, leached and stored for several months both wet and dry, gave 
identical sugar sensing results, indicating no lens polymer - fluorophore 
interactions over this time period, or indeed probe degradation. 

17.7. FUTURE DEVELOPMENTS BASED ON THIS TECHNOLOGY 

17.7.1. Continuous and Non-invasive Glucose Monitoring 

In this chapter, we have shown that fluorescent probes can be fabricated to 
be compatible with in the commercially available daily use disposable contact 
lenses, which have already been assessed and optimized with regard to vision 
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correction and oxygen permeability. This has enabled the first prototype based 
on this new approach to be realized. With regard to glucose monitoring by this 
approach, we speculate on several future improvements to this technology: 

• Clear or Colored Contact Lenses 
Many boronic containing fluorophores have a visible absorption [40-46], 

which apart from their lack of glucose sensitivity in the lens as discussed earlier 
[20], would introduce color into a doped lens. While colored lenses are 
attractive to a few people as sports or even fashion accessories, the majority of 
contact lenses worn today are clear; hence our colorless lenses described here 
are ideal in this regard. One disadvantage however with our lenses is the 
requirement for an excitation and detection device as shown in Figure 17.1. 
One improvement to our technology could be the use of colored contact lenses, 
which change color due to the concentration of tear and therefore blood glucose. 
This can be achieved by the ground-state binding of glucose to boronic acid and 
the subsequent changes in fluorophore absorption spectrum. A patient wearing 
the lenses could simply look in the mirror, or the color even determined by an 
on-looker, and compared to a precalibrated color strip, one could assess the 
extent of hyperglycemia. This technology would be most attractive to parents of 
young diabetic children or for care workers of the elderly. Work in currently 
underway in our laboratories in this regard. 
• Sensor Spots or Doped Lenses 

As briefly mentioned earlier and shown in Figure 17.1, sensor spots on the 
surface of contact lenses could correct signal responses for interferents such as 
aqueous chloride. Indeed the spots could either be visible to the wearer (self-
readout) or readable by an external monitoring device. 
• Detection Methods 

While simple colorimetric methods are likely to be the most simple to 
introduce to the market place, other fluorescence sensing methodologies, such 
as polarization, lifetime and ratiometric sensing, offer many spectroscopic 
sensing advantages over the simple intensity measurements described for our 
lenses [49]. For example, fluorescence lifetime and ratiometric measurements 
are independent on total light intensity or indeed fluctuations in ambient room 
light. 

17.7.2. Clinical Condition and Diagnosis from Tears 

Given that tear glucose can be continuously and non-invasively monitored 
using our lens approach, then it may be possible for both clinical condition 
assessment and disease diagnosis using the contact lens sensing platform, and 
suitably designed fluorophores. In fact, as compared to saliva, tears represent a 
more stable body fluid of low protein concentration and with only modest 
variations in pH. 

For example, for clinical condition assessment, Na^, K ,̂ Câ "̂ , Mg^ ,̂ pH, 
Histamine, Urea, Lactate, Cholesterol and Glucose in tears are known to 
directly track or relate to the serum levels [59]. Indeed, one could potentially 



426 R.BADUGUiS:rAL. 

even track body core temperature using thermochromic type probes [60], 
embedded within contact lenses or even sensor spots. 

For disease diagnosis, the possibility of diagnosing; Glaucoma, Sjogrens 
disease, Lysosomal storage diseases, corneal ulceration and bacterial infections 
could be realized by designing lenses to detect; Catecholamines, Lysozyme, 
Lysosomal enzymes, Collagenase and a-Antitrypsin respectively. It is possible 
that many other clinical conditions and diseases could also be either monitored 
or diagnosed via this approach, although relatively little tear biochemistry is 
known [59]. 

17.7.3. Drug Testing, Compliance and Screening 

Saliva is and has been used for therapeutic drug monitoring, by predicting 
the free fraction of drugs in blood from that determined in saliva. Changes in 
the free drug levels can have important clinical consequences, since either toxic 
or sub-therapeutic levels may exist, even when the total drug concentration is in 
the normal range. Coupled with the fact that saliva concentrations varying 
greatly in both pH and composition, obviates the need for a novel clinical 
sensing platform for drug testing, compliance and screening. As mentioned 
earlier, tear fluid has a relatively lower protein concentration with only slight 
changes in pH, where the passage of drugs from plasma to tears takes place by 
diffusion of the non-protein bound fraction [59]. Subsequently, tears have 
already been used to assess the concentration of antibiotics such as Ampicillin 
and the Anticonvulsants, Phenobarbital and Carbamazepine [59]. However, 
these drug concentration measurements are inherently difficult due to the 5-10 
[xL total tear volume to be sampled [59]. Indeed, while tear glucose levels have 
been known to be elevated during hyperglycemia for nearly 70 years, it is the 
difficulties associated with tear collection, which has limited the practical use of 
tears for diabetes mellitus assessment. However, similar to our glucose sensing 
contact lenses, it may be possible to develop lenses for drug testing, based on 
either colorimetric or other fluorescence spectroscopic based methodologies. 

17.8. CONCLUDING REMARKS 

We have developed a range of new glucose sensing contact lenses, by 
doping strategically designed fluorescent probes into commercially available 
contact lenses. The probes are completely compatible with the new lenses and 
can readily detect glucose changes up to several mM glucose, appropriate for 
the tear glucose concentration range for diabetics, i.e. « 500 jiM -> 5 mM [20]. 

The lenses have a 90 % response time of about 10 minutes, allowing the 
continuous and noninvasive monitoring of ocular glucose. This is a significant 
improvement over enzymatic methods based on blood sampling by finger 
pricking, with many diabetics begrudgingly testing between 4 and 6 times 
daily. 

With diabetes being widely recognized as one of the leading causes of 
death and disability in the western world, we believe our boronic acid doped 
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contact lens approach and findings, are a notable step forward towards the 
continuous and non-invasive monitoring of physiological glucose. 
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Figure 4.20. (Page 110, Ibey et ai) Histological sectioning of the implant site 
of the spheres and a control site allowed for immunological screening of the 
sensor site. No evidence of an immune response was seen at the implantation 
site despite overshooting the target implant depth. 

Figure 6.5. (Page 138, McShane) Top left: HTC-GOx loaded calcium-
crosslinked microspheres formed by emulsion. Top right: Smaller alginate 
microspheres doped with FTTC-GOx and coated with RITC-poly(allylamine) 
nanofilm. 



Figure 6.7. (Page 140, McShane) Electrostatic uptake of macromolecules. 
Left: alginate microspheres coated with TRITC-PAH/PSS nanofilms. Top 
right: same capsules following exposure to TRITC-POx. Bottom right: same 
capsules following exposure to anionic FTTC-dextran 500kDa. 
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Figure 6.9. (Page 142, McShane) General description of microcapsule-based 
sensors. Top left: polyelectrolyte capsule, hollow or filled with polymer matrix; 
Bottom left: enzyme-based microcapsule sensor containing enzyme and dyes; 
Bottom right: microcapsule sensor employing competitive-binding FRET assay, 
comprising glucose-binding protein labeled with acceptor and glucose analog 
labeled with donor. 
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Figure 6.12. (Page 148, McShane) Oxygen (top left) and glucose (top right) 
temporal concentration profiles at r=rl/2; oxygen (bottom left) and glucose 
(bottom right) temporal concentration profiles at r=rl. The insets for glucose 
are exploded views of glucose levels 1.5-2 seconds following step addition. 
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Figure 6.14. (Page 150, McShane) Steady-state sensitivity to glucose for 
microspheres with different nanofilm thickness. 
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Figure 6.13. (Page 149, McShane) Steady-state spatial profiles for oxygen and 
glucose within spheres due to step inputs of glucose from 0-30 mM. 
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Figure 6.15. (Page 152, McShane) Average oxygen versus glucose for different 
bulk oxygen concentrations. The lines correspond to three different bulk oxygen 
levels. Top (red): 1400 jiM; middle (blue): 250 |LIM, bottom (green): 80 |LIM. 
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Figure 6.16. (Page 153, McShane) (Top) Average oxygen versus glucose for 
different enzyme concentrations and (Bottom-Left) internal oxygen and 
(Bottom-Left) glucose distributions for Et=lmM. 

Figure 6.21. (Page 158, McShane) Confocal fluorescence (top, left: FITC, right: 
TRITC), phase (bottom left) and overlay (bottom right) images of 
polyelectrolyte capsules loaded with TRITC-apo-GOx and FITC-dextran. 



Figure 11.4. (Page 289, Schultz) Schematic diagram of a fiber optic glucose 
sensor based on competitive binding of glucose and FTTC-dextran for Con-A 
sites that are immobilized on the interior surface of a hollow dialysis fiber. 

Figure 11.6. (Page 291, Schultz) Experimental setup for measuring blood 
glucose levels in an animal. The sensor is placed in a "t" and venous blood 
continually withdrawn with a catheter. The animal is injected with a bolus of a 
glucose solution, and then samples removed periodically for glucose analysis. 
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Figure 11.9. (Page 292, Schultz) Concept for a subcutaneous glucose sensor 
based on an optical readout principle. 

Fluorochrome-labeled Dyed porous bead 
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Figure 11.22. (Page 303, Schultz) Microsphere glucose biosensor. In this 
configuration, the analog-analyte is a porous Sephadex bead (a polymer 
containing pendant glucose residues). The beads are colored with dyes that 
prevent the excitation light from penetrating into them and another dye that 
blocks emission from fluorochrome-labeled Con-A in the interior of the bead. 
(Ballerstadt and Schultz, 2000). 



Figure 13.1. (Page 324, Tolosa and Rao) The structure of the glutamine binding 
protein showing the "closed" glutamine-bound form (left) and the "open" 
glutamine-free form (right). 
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Figure 15.17. (Page 372, Duerkop) Rapid lifetime determination (RLD) 
imaging of the activity of glucose oxidase in the wells of a microtiterplate. The 
pictures reflect the normalized ratio of the two images as schematically 
represented in Figs. 15.12 and 15.13 (in pseudo colors). The cocktails in wells 
(from 1 to 12) had the following compositions: GOx activities 0 (blank), 135, 
54.1, 27.1, 13.5, 5.4, 2.7, 1.35, 0.54, 0.27, 0.14 to 0.05 mUnit/mL, respectively; 
plus 100 nL of the EuTc stock solution, 15 [xL of a 277.2 mmol L"̂  glucose 
solution; total volume made up to 200 [xL with MOPS buffer. 
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223, 224 
enzyme biosensor, 201-229 
enzyme stability, GOx, 224, 225 
flow injection analysis, 222 
in batch operation, 219 
in flow mode, 220, 221 
in stop-flow mode, 220 
mixture of organic solvent, 222, 223 
optical enzyme-based, 201-229 
optical transducers, 203-207 
particle packed bioreactor, 217, 218, 

219 
glucose detection, 21-45 

3-dimensional scaffold, 392, 393 
CAVEAT program, 393 

glucose detection (cont.) 
and fructose, 38-42 
automated HPLC postcolumn detection 

method, 21, 34-38, 35, 36 
carbohydrates analysis, 34 
xanthenes, 37 

boronic acid-based receptors, 34 
chemiluminescence applications, 

311-322 
chromophores, 21 
clinical condition, 425 
compliance, 425 
contact lenses, 425 
continuous and non-invasive, 424, 425 

clear/colored contact lenses, 425 
detection methods, 425 
doped lenses, 425 
sensor spots, 425 

diagnosis from tears, 425 
drug testing, 425 
dual luminophore referencing 

(DLR), 353 
fluorescence correlation 

spectroscopy, 352 
fluorescence decay time, 353 
fluorescence polarization assay 

(FPIA), 353 
fluorescence resonance energy 

transfer (FRET), 353 
fluorescent sensor membranes, 358, 359 
fluorophores, 21-28 

resorcinarenes, 22, 23, 25 
xanthenes, 25 

fructose, 21 
gravimetric method 

Fehling's reagent, 311 
hollow fiber based sensors, 100, 101 
human blood plasma, 38-42 
imaging techniques, 368 
lens feasibility, 408-413 

contact lens holder, 408, 409 
lens doping, 408, 409 

maltodextrins, 33 
minimal invasive glucose 

measurement, 118 
monosaccharide analysis, 28 
near-infrared (NIR) spectroscopy, 377 
non-invasive glucose measurement, 118 
ophthalmic 

smart contact lenses, 399-430 
plasmonic, 259-280 

fabrication of aggregates, 266, 271, 
273, 274, 275, 276, 277, 278 
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glucose detection (cont.) 
plasmonic (cont.) 

gold nanoparticles, 260, 261, 262, 
263, 264 

plasticized PVC, 359, 360 
screening, 425 
sensing probes, 413 
signal transduction, 56 

fluorescent dye with viologen, 56 
sugar with boronic acid receptor of 

viologen, 56 
sugar-induced signal transduction, 28 
time-resolved fluorescent sensing 

imaging, 369 
activity of glucose oxidase, 371, 372 
using oxygen sensors, 370 
using sensor layers for hydrogen 

peroxide, 371 
via enzymatically produced H2O2, 

369 
two-component monosaccharide 

sensing, 48 
using boronic acid, 47, 378 

and diols, 378, 379, 380 
based fluorescence sensors for, 377-

398 
based fluorescent reporter 

compounds, 380 
fluorescence intensity, 48 
photoinduced electron transfer 

(PET), 48 
saccharide binding, 48 

using boronic acid probes 
anthracenediboronic acid derivative 

(ANDBA),406,412 
in solution, 402, 403 
photoinduced intramolecular 

electron transfer mechanism 
(PET), 406 

with intramolecular charge transfer 
(ICT) mechanism, 404 

via GOx and fluorescent molecular 
probes, 351, 353, 354-358 
changes in pH, 355 
oxygen consumption, 355, 356 
via formation of hydrogen peroxide, 

356, 357 
via intrinsic fluorescence of glucose 

oxidase, 367, 368 
high-throughput screening (HTS), 

368 

glucose detection (cont.) 
via intrinsic fluorescence of glucose 

oxidase (cont.) 
phase delay ratioing (PDR), 368 
rapid lifetime determination (RLD), 

368 
sensing imaging, 368 

via metal-ligand complexes 
with boronic acid as recognition 

site, 364 
via oxygen sensor membranes, 361, 362, 

363 
sol-gels, 361 

via oxygen-sensitive nanoparticles, 367 
via pH sensor layers using immobilized 

GO^, 359 
via sensor layers for hydrogen peroxide, 

363,364 
via thin films of organic conducting 

polymers (OCPs), 365 
photo-induced electron transfer 

(PET), 365, 366 
glucose monitoring 

fructose, 21 
human blood plasma, 38-42 
maltodextrins, 33 
monosaccharide analysis, 28 
sugar-induced signal transduction, 28 

glucose oxidase, 119 
immobilized, 214 

glucose sensing probes, 413,414 
based on quinolinium, 414, 415 

signaling mechanism, 416, 417 
spectral properties, 415,416 
sugar response, 417, 418, 419, 420 

glucose sensitivity, 157 
glucose sensor, 48, 323-331. See also 

glucose binding protein; glucose 
detection 
apo-GOx, 156 
cell culture, 326-328 
low cost glucose sensing, 326-328 
polarity sensitive probes 

anilino-naphthalene sulfonate, 326 
protein engineering, 324-325 
smart tattoo, 131-160 

enzymatic glucose sensing, 139 
enzyme-based microcapsule 

sensors, 142-156 
from nanoengineered capsules, 136-

142 
glucose-binding proteins in 

microcapsules, 156-159 
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glucose sensor (cont.) 
smart tattoo (cont.) 

LBLnanofilms, 134, 135 
polyelectrolyte microcapsules, 135, 

136 
specificity, 132 
validation, 330 

glucose sensor implants 
fluorescent 

stable assay response, 132 
glucose signaling probes, 420, 421, 422 
glucose tolerance tests, oral, 172 
Gluco-Watch, 320 
GO. See glucose oxidase 
gold nanoparticles 

ligand functionalized, 261, 262, 263, 
264 

optical properties of, 260, 261 

heterogeneous biphase bioreactor, 218 
high-throughput screening (HTS), 368 
hollow fiber based sensors, 100, 101, 103, 

104, 105 
FITC-dextran, 100 

HPLC post-column detection method 
(automated), 34-38. See also glucose 
monitoring 
carbohydrates analysis, 34 

evaporative light scattering 
detection (ELSD), 34 

fructose, 35 
mass spectrometric detection 

(HPLC-MS), 34 
post-column derivatization 

techniques, 34 
pre-column derivatization methods, 

34 
pulsed amperometric detection 

(PAD), 34 
HPTS, 51, 52, 53, 54, 72, 73, 74, 75, 76, 

78 
and methyl viologen (MV2+), 52, 53 
fructose and galactose, 54, 55, 56 

hydrogel contact lens, 80, 91 
boronic acid, 91 

hyperglycemia, 117 
glycated hemoglobin (HbAlc), 118 

ICT. See intramolecular charge transfer 
implantable sensor, 119 
integral biosensor proteins, 304, 305 

intensity decay parameters, fluorescence 
for meta isomer, 15 
for ortho isomer, 15 

intensity detection, fluorescent, 92 
interferents, 422,423, 424 
internal charge transfer, 385 
internal charge transfer compounds, 385, 

386 
interpenetrating networks, 80 
interstitial fluid, 90 
interstitial fluid glucose sensing 

implantable concanavlin A based 
sensors, 88-111 

intramolecular charge transfer, 403, 404 
intramolecular charge transfer probes, 409 

chalcone derivatives, 411 
polyene derivative, 409 
stilbene derivatives, 409 

IPN. See interpenetrating networks 
ISF. See interstitial fluid 
isomers, positional, 13-16 

PET fluorescence quenching, 13 
meta-substituted monoboronic acid 

sensor, 13 
ortho-substituted monoboronic acid 

sensor, 13 
pH effects 

fluorescence intensity decay 
parameters, 15 

on fluorescent decays, 14 
sugar effects 

on fluorescent decays, 15 

laser-induced fluorescence (LIF), 317 
LE. See locally excited 
leaching, probe, 422, 423, 424 
light diffraction elements, 192, 193. See 

also affinity capture agents 
polymerized crystalline colloidal arrays 

(PCCAs), 192 
locally excited, 333 
luminophore referencing, 353 
LW fluorescence 

charge-transfer character (ICT), 4 

macrocycle solutions 
fluorophore formation, 21-45 

meal tolerance tests (MTT), 172, 188 
micelle carriers, aqueous, 222, 223 
microcapsules, 131-160 

as smart tattoo glucose sensors, 131-160 
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microcapsules (cont.) 
based on layer-by-layer assembly 

technique, 136 
glucose-binding proteins, 156-159 
polyelectrolyte, 134, 136 
sensors, 142-156 

design of sensors, 143-154 
enzyme-loaded microcapsule 

sensors, 154-156 
microdialysis (MD), 315 
minimally invasive modalities, 91-92 
molecular probes, fluorescent 

1,8-naphthalene dicarboximides, 2 
monoboronic acid fluorescent probes, 2, 11 

7V-phenyl naphthalimide fluorophore, 11 
monoboronic acid saccharide sensors, 2 

3-phenylboronic acid-1,8-
naphthalenedicarboimide, 2 
photophysical properties of, 5 
synthesis, 4 

chelation-enhanced quenching, 12 
naphthalic anhydride chromophore, 2 
A^-phenyl-1,8-

naphthalenedicarboximides, 3-13 
electron transfer process (PET), 6 
fluorescence quenching mechanism, 

6 
photoelectrochemical model, 6 
positional isomers, 13-16 
saccharide complexation results, 6-

11 
synthesis, 4-5 

monosaccharide binding 
boronic acid of viologen, 48 
fluorescence emission, 48 
one-component system, 48 
two-component system, 48 

monosaccharide detection 
modulated quenching with 

viologens, 47-87 

nanoengineered capsules, 136-142 
RET, 141 

naphthalic anhydride chromophore 
1,8-naphthalimide, 2 
A^-phenylnaphthalimides, 2 

non-consuming analyte stable biosensor 
glucose oxidase from Aspergillus niger, 

119-121 
non-invasive (NI) modalities, 90, 91 

con A based glucose sensors, 91, 92 
fluorescence resonance energy transfer 

(FRET), 91 

non-invasive (NI) modalities (cont.) 
fluorescent intensity detection, 92 
glucose oxidase, 91 
hydrogel contact lens, 91 
intensity monitoring, 91 
lifetime monitoring, 91 

non-invasive monitoring, 164-196. See 
also diabetes 
affinity capture agents, 190 

compartmentalization in contact 
lens sensors, 194, 195 

fluorescence measurements, 191, 
192 

light diffraction elements, 192, 193, 
194 

specificity, 194, 195 
calibration models, 172 
compartmentalization of glucose 

values, 172 
contact lens sensors, 194 
fluorescence measurements, 191, 192 
infrared spectroscopy of glucose, 169, 

170 
light diffraction elements, 192, 193, 194 
meal tolerance tests (MTT), 172 
near infrared spectroscopy of glucose, 

169, 170, 171, 172 
optical coherence tomography (OCT), 

169 
oral glucose tolerance tests (OGTT), 

172 
prediction parameters, 173 

standard error of prediction (SEP), 
173 

scattering coefficient, 168 
specificity, 166-172 

tissue spectroscopy, 168, 169 
thermo-optical response (THOR) 

calibration models, 185, 186, 187 
localized reflectance measurements, 

175, 176, 177, 178 
of human skin, 173, 174, 178, 179, 

180, 181, 182, 183, 184, 185 
prediction models, 187, 188, 189, 

190 
temperature-modulated, 174 

A -̂phenyl naphthalimide fluorophore, 11. 
See also carbohydrate molecular probes 
CO design chemosensor, 11 
emitting states 

long wavelength (LW), 3 
short wavelength (SW), 3 
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A^-phenyl-1,8-naphthalenedicarboximides 
positional isomers, 13-16 

meta-substituted monoboronic acid 
sensor 

7V-phenylboronic acid arenecarboximides, 
2-3. See also saccharide probes 
virtual or CO spacer, 2-3 

A^-phenylboronic acid derivatives 
as saccharide probes, 1-17 
virtual spacer design, 1-17 

OCP. See organic conducting polymers 
OCT. See optical coherence tomography 
OGTT. See oral glucose tolerance tests 
ophthalmic glucose monitoring 

smart contact lenses, 399-430 
optical affinity glucose biosensors, 

competitive, 289, 290, 291, 292, 293, 
295, 296, 297 
affinity based glucose biosensor 

systems, 299, 302, 303 
affinity biosensors, 298, 299 
integral biosensor proteins, 304, 305 

optical coherence tomography, 169 
analytical feature and application, 

226, 228 
based on affinity principles, 305, 307 
dissolved oxygen 

concentration, 223, 224 
enzyme stability 

GO,, 224, 225 
performance of, 219 

aqueous micelle carriers, 222, 223 
flow injection analysis, 222 
in batch operation, 219 
inflowmode, 220, 221 
in stop-flow mode, 220 
mixture of organic solvent, 222, 223 

optical sugar sensing, two-component 
boronic acid-substituted viologens with 

anionic fluorescent dyes, 47-87 
optical transducers, 203-207 

absorbance measurement, 204 
blend composites of immobilization 

enzyme, 214 
electrogeneratedchemiluminescence, 

205-206 
enzyme entrapped 

in thin homogenous film, 210, 211, 
212 

within sol-gel matrix, 212, 213 

optical transducers (cont.) 
enzyme immobilized by nano-technique 

and with nanoparticles, 213 
fluorescence measurement, 206, 207 
immobilization of glucose oxidase, 207, 

208 
immobilizing enzyme on surface, 209, 

210 
by nano-technique and with 

nanoparticles, 213 
optically based biosensors, 285 
oral glucose tolerance tests, 172 
organic conducting polymers (OCPs), 365 
oxygen sensitive particles (OSP), 207 

PAD. See pulsed amperometric detection 
particle packed bioreactor, 217, 218, 219 

heterogeneous biphase bioreactor, 218 
PET. See photoinduced electron transfer 
phase delay ratioing (PDR), 368 
phenanthrolinium quenchers, 61 
photoinduced electron transfer, 48, 381, 

416 
photoinduced electron transfer 

fluorescence quenching, 13 
ortho-substituted monoboronic acid 

sensor, 13 
pH effects 

fluorescence intensity decay 
parameters, 15 

on fluorescent decays, 14 
photoinduced electron transfer probes, 412 
plasmonic glucose sensing, 259-280 

fabrication of glucose-sensing 
aggregates, 266, 271, 273, 274, 275, 
276, 277, 278 

gold nanoparticles 
ligand functionalized, 261, 262, 263, 

264 
optical properties of, 260, 261 

polarization assay, fluorescence, 353 
polarization sensing, 125 
polyelectrolyte microcapsules, 136 
polyene derivative, 409. See also ICT 

probes 
polymeric viologens, 69 
porous glass, controlled, 210 
positional isomers, 13-16 

PET fluorescence quenching, 13 
meta-substituted monoboronic acid 

sensor, 13 
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positional isomers, {com.) 
PET fluorescence quenching, {cont.) 

ortho-substituted monoboronic acid 
sensor, 13 

pH effects 
fluorescence intensity decay 

parameters, 15 
on fluorescent decays, 14 

sugar effects 
on fluorescent decays, 15 

post-column derivatization techniques, 34 
post-column HPLC detection method 

(automated), 34-38. See also glucose 
monitoring 
carbohydrates analysis, 34 

evaporative light scattering 
detection (ELSD), 34 

fructose, 35 
mass spectrometric detection 

(HPLC-MS), 34 
post-column derivatization 

techniques, 34 
pre-column derivatization methods, 

34 
pulsed amperometric detection 

(PAD), 34 
pre-column derivatization methods, 34 
probe leaching, 422, 423, 424 
pulsed amperometric detection, 34 
pyranine. See HPTS 

quenchers 
fluorescence, 53 

chelation enhanced quenching, 6 
functionalized viologen 

binding to diol, 51 
phenanthrolinium, 61 

rapid lifetime determination (RLD), 368, 
372 

resonance energy transfer (RET), 125, 126 
fluorescence, 91, 97, 118, 353, 384 
using apo-GOx, 157 

resorcinarenes, 22, 23, 25. See also 
fluorophores 
boronic acids, 23 

saccharide 
boronic acid receptors, 333-350 
fluorescent TICT sensors, 333-350 

saccharide probes 
A^-phenylboronic 

acid arenecarboximides as, 2-3 

saccharide receptor unit 
boronic acid functionalized viologen 

quenchers, 50 
saccharide recognition 

boronic acid fluorophore/cyclodextrin 
complexes in water, 237-256 

by boronic acid, 242-254 
C4-CPB/-CyD complex, 243-250 

fluorescent chemosensors, 1 
fluorescent sensors 

photoinduced electron transfer, 6 
glucose oxidase biosensor, 1 
phenylboronic acid probe spacer, 251, 

252, 253 
supramolecular cyclodextrin complex 

sensors, 254, 255, 256 
saccharide selectivity 

fluorophores, 2 
saccharide sensors 

anthracene, 2 
stilbene-based fluorophore, 2 

sensing modalities, 100-110 
fluorescent light through skin, 108, 109, 

110 
hollow fiber based sensors, 100, 101, 

103, 104, 105 
poly(ethylene glycol) based sensors, 

106, 107 
sensors 

biosensor 
carbohydrate sensors, 6 
chemiluminogenic, 313-317 
competitive optical affinity, 289, 

290,291,292,293,295,296, 
297, 298, 299, 302, 303, 304, 
305 

fluorescence, 117-127 
interstitial fluid (ISF), 90 
non-consuming analyte stable, 119-

121 
optical,201-229, 305, 307 
protein based, 1 
pyrene based, 381, 383, 384, 385 

bisboronic acid sensors, 2 
con Abased, 91, 92 
contact lens 

compartmentalization in, 194 
specificity, 194 

glucose, 48, 323-331 
apo-GOx, 156 
cell culture, 326-328 
low cost glucose sensing, 326-328 
polarity sensitive probes, 326 
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sensors (cont.) 
glucose (cont.) 

protein engineering, 324-325 
smart tattoo, 131-160 
specificity, 132 
validation, 330 

hollow fiber based, 100, 101 
implantable, 119 
microcapsule, 142-156 

design of sensors, 143 -154 
enzyme-loaded microcapsule 

sensors, 154-156 
monoboronic acid saccharide, 2 

3-phenylboronic acid-1,8-
naphthalenedicarboimide, 2, 4, 5 

anthracene, 2 
chelation-enhanced quenching, 12 
fluorescent sensors, 6 
naphthalic anhydride chromophore, 

2 
A^-phenyl-1,8-

naphthalenedicarboximides, 3-13 
stilbene-based fluorophore, 2 

shelflife,422,423,424 
signal transduction, sugar-induced, 28 
smart contact lenses, 399-430 
smart tattoo glucose sensors, 131-160. See 

also microcapsules 
enzymatic glucose sensing, 139 
enzyme-based microcapsule 

sensors, 142-156 
design of sensors, 143-154 
enzyme-loaded microcapsule 

sensors, 154-156 
from nanoengineered capsules, 136-142 

RET, 141 
glucose-binding proteins 

in microcapsules, 156-159 
LBL nanofilms, 134, 135 
polyelectrolyte microcapsules, 135, 136 

stable glucokinase, 123, 124, 125, 126 
BSGK, 124, 125 
from thermophilic organism Bacillus 

stearothermophilus, 124 
polarization sensing, 125 
resonance energy transfer (RET), 125, 

126 
static quenching, 53 
Stem-Volmer equation, 424 
stilbene derivatives, 409. See also ICT 

probes 
CSTBA, 404, 405, 409 
DSTBA, 404, 409 

sugar sensing, two-component optical 
boronic acid-substituted viologens with 

anionic fluorescent dyes, 47-87 
synthetic chemosensors, 1 

tattoo glucose sensors, smart, 131-160. See 
also microcapsules 
enzymatic glucose sensing, 139 
enzyme-based microcapsule 

sensors, 142-156 
design of sensors, 143-154 
enzyme-loaded microcapsule 

sensors, 154-156 
from nanoengineered capsules, 136-142 

RET, 141 
glucose-binding proteins in 

microcapsules, 156-159 
LBL nanofilms, 134, 135 
polyelectrolyte microcapsules, 135, 136 

tear glucose, 194 
tetramethyl-rhodamine isothiocyanate 

(TRITC), 98, 192 
tetramethyl-rhodamine isothiocyanate 
thermo-optical response (THOR) 

calibration models 
at fixed source-detector distance, 

186, 187 
from human skin, 185, 186 

localized reflectance measurements, 
174, 175, 176, 177, 178 

of human skin, 173, 174, 178, 179, 180 
using nonlinear discriminant 

functions for data analysis, 180, 
181, 182, 183, 184, 185 

prediction models 
meal tolerance (MTT), 188 
of human skin, 187, 188, 189, 190 

temperature-modulated, 174 
thermostable glucose dehydrogenase 

apo-form of, 122 
fluorescence lifetimes, 123 
from Thermoplasma acidophilum, 

121-123 
polarization sensing, 123 

thin layer chromatography (TLC), 346 
twisted internal charge transfer (TICT) 

sensors, fluorescent, 333-350. See also 
saccharides 
2-boronobenzyl-aniline (1), 346 
2-boronobenzyl-pyren-1 -yl-amine (7), 

349 
3-boronobenzyl-aniline (2), 347 
4-boronobenzyl-aniline (3), 347 
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twisted internal charge transfer (TICT) 
sensors, fluorescent (cont.) 

4-chloro-phenyl-2-boronobenzyl 
amine (4), 348 

4-methoxy-phenyl-2-boronobenzyl 
amine (5), 348 

2-boronobenzyl-naphthalen-1 -yl-amine 
(6), 349 

transducers, optical, 203-207 
absorbance measurement, 204 
blend composites of immobilization 

enzyme, 214 
electrogeneratedchemiluminescence, 

205-206 
enzyme entrapped 

in thin homogenous film, 210, 211, 
212 

within sol-gel matrix, 212, 213 
enzyme immobilized by nano-technique 

and with nanoparticles, 213 
fluorescence measurement, 206, 207 
immobilization of glucose oxidase, 

207, 208 
immobilizing enzyme on surface, 209, 

210 
two-component glucose sensing 

arylboronic acids, 52 
fluorescent reporter 

sulfonamide derivatives of HPTS, 
71-80 

functionalized viologen 
boronic acid functionalized viologen 

quenchers, 50, 51 

two-component glucose sensing {cont.) 
functionalized viologen (cont.) 

HPTS, 51, 52, 53, 54 
polymeric viologens, 69 
sensing components immobilization 

glucose sensitive thin film hydrogel, 
80-83 

using boronic acid-substituted viologens 
with anionic fluorescent dyes, 47-87 

viologen quencher 
bipyridinium, 56, 57, 58, 59 
phenanthrolinium salts, 60, 61, 69 

viologens, 50-56 
boronic acid-substituted 

with anionic fluorescent dyes, 47-87 
cationic, 51 
electron accepting, 50 
functionalized, 50-56 
metasubstiuted, 58, 59 
modulated quenching, 47-87 
orthosubstiuted, 58, 59 
parasubstiuted, 58 
polymeric, 69 
positive charges, 50 

water soluble fluorescent boronic acid, 387 
chelation-enhanced quenching 

(CHEQ), 387, 388, 389, 390 

xanthenes, 25, 42 




