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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department



Preface

One might argue that the greatest advances in the frontier research in
recent years have been made in the nanoscale science and technology
realm. New nanomaterials and systems were developed and these
developments are opening new opportunities in electronics, sensors,
energy harvest and storage, etc. These influences are now extended to
the area of biomolecular catalysis systems by many research groups
around the world. The marriage between nanomaterials and
biomolecular catalysis provides unprecedented prospects, such as high
surface area to volume ratios that allow high biomolecular loadings,
wide range of surface chemistry to regulate biomolecules, unique three
dimensional structures allowing efficient mass transports, and flexible
reactor designs. Various nanomaterials—such as nanoparticles,
nanofibers, nanotubes and nanoporous matrices—have demonstrated
promising potentials in revolutionizing the preparation and use of
biocatalysts.

In order to coordinate and facilitate the synergy between the
nanoscale materials and biomolecular catalysis, a symposium of “Nano-
scale Science and Technology in Biomolecular Catalysis” was organized
at the 230" national conference of the American Chemical Society in
Washington D.C., August 28 to September 1, 2005,. From the
presentation and discussions, several main themes and needs were
identified. These include the lack of understanding of the fundamentals
that interface nano and bio, the needs of new tools and methodologies to
design and realize nano-scale structures and materials that are
specifically suited to biomolecular applications, and the development of
unique applications of nano-bio hybrid systems. To summarize and
document these issues and perspectives for future development, this
book was prepared by selecting presentations that were well received at
the meeting along with several contributions that were not presented at

xi



the symposium but reflect certain important aspects of the current art of
nanobiocatalysis. These additional contributions were invited from
presentations made at a nanobiocatalysis-related symposia in national
conferences of the American Chemical Society and the American
Institute for Chemical Engineers in the following year.

The chapters presented in this book are grouped into two parts,
although the editors found it difficult indeed to draw a clear dividing line
between them. The first part of the book presents several chapters
describing the use of various nanostructures, including nanoporous
materials, nanotubes and nanofibers, and composite materials for
biocatalysis. Although these chapters may not present all the reported
and potential structures available for biocatalysis, they do demonstrate
the current frontier exploration with these probably most popular
structures for nanobiocatalysis. The second part of the book illustrates
potential applications of nanoscale biocatalysts in heterogeneous
catalysis, energy conversion, reaction engineering, and nanotransport.

We hope that this book reflects the nature of the current research
activities in nanobiocatalysis and provides a reference or guide for future
advances in the field. We are grateful to all the authors who have
contributed to this book, the ACS Division of Colloid and Surface
Chemistry and ACS Petroleum Research Foundation program who
sponsored the symposium in the 230™ ACS National Meeting, and the
ACS publishing department who encouraged us to organize this book.
We also acknowledge the efforts of Kathy Peters at Penn State and
Xueyan Zhao at the University of Minnesota, who helped process the
manuscripts and reviews.
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Chapter 1

General Synthesis of Ordered Nonsiliceous
Mesoporous Materials

Ying Wan'?, Haifeng Yang?, and Dongyuan Zhao™"

'Department of Chemistry, Shanghai Normal University,
Shanghai 200234, People’s Republic of China
’Department of Chemistry, Shanghai Key Laboratory of Molecular
Catalysis and Innovative Materials, Advanced Materials Laboratory,
Fudan University, Shanghai 200433, People’s Republic of China
3Key Laboratory of Molecular Engineering of Polymers and Engineering
Center of Coating of Chinese Ministry of Education, Fudan University,
Shanghai 200433, People’s Republic of China

The design of ordered nonsiliceous mesoporous materials is
illustrated based on the surfactant assembly and confined-
space growth. These materials include mesoporous metal
oxides, polymers, and carbons with open framework structures,
and single-crystal metal, metal oxide and carbon nanoarrays
with replicated mesostructures. A generalized “acid-base pair”
concept, which self-adjusts the acidity and homogeneity of the
inorganic precursor, is proposed to prepare highly ordered
mesoporous metal oxides, phosphates and borates, as well as
mixed metal oxides and phosphates, with diverse structures.
Mesoscopically ordered polymer frameworks with uniformly
large pore sizes are derived from the self-assembly from
organic templates and organic precursors. Heating these
materials transforms them to homologous carbon frameworks.
Microwave digested method is an efficient way to enhance the
adsorption property of hard silica templates in fabricating
ordered nonsiliceous  single-crystal nanoarrays. The
coordination of organic surfactants with metal ions is also a

© 2008 American Chemical Society



method to increase the interaction between hard templates and
precursors. A one-step impregnation process is used to
fabricate ‘ordered silica monoliths with various metal oxide
nanocrystals. Improving the interactions between the
precursors themselves plays an essential role in replicating
ordered mesoporous CdS, SiC and graphitized carbons.
Preliminary applications in bone-forming materials, biosensors
and electrodes are presented as well.

1. Introduction

Periodic mesoporous materials represent a new class of solids, which
possess uniform pore sizes (1.5 — 40 nm), large surface areas (up to 2000 m?/g)
and tunable structures (/-5). This kind of materials, without a doubt, contribute
one of the most promising candidates for the nanoreactors of large molecules.
They are becoming a commercial necessity and will continue to grow (6) in
significance as the demand for oil outpacing productions and bio-applications (7,
8). Mesoporous silicates, since the first report in 1992, have attracted more and
more attention owing to numerous applications in catalysis, adsorption,
separation, bio-molecule purification, drug delivery and even nanomaterials (8-
13).

Diverse silicate mesoscopically periodic pore structures have been
synthesized by cationic quaternary ammonium surfactants, for example, two-

dimensional (2D) hexagonal (p6m), 3D cubic (Pm§ n), bicontinuous cubic

(Iagd), and 3D hexagonal (P6;/mmc) structures (/,2,14-18). Designed multi-
head quaternary ammonium surfactants like bolaform surfactants with different
chain lengths and rigid benzene ring groups as structure-dlrectmg agents

(SDAs), 3D cubic (Pm 3 n) and face-centered cubic (Fd 3 m) mesoporous
silicates were synthesized (19). Lately, the low symmetrical mesostructures with
tetragonal and orthorhombic pores were also obtained (20). It has been clearly
demonstrated that the derived mesostructures are remarkably influenced by the
rational control of inorganic-organic interactions and cooperative assembly of
the silica species and the surfactants. Compared with that of the cationic
surfactants, the repulsive interaction between anionic surfactant and silicate
species fails to organize ordered mesostructure. Concerning the charge matching
effect, Che er al. (271-23) demonstrated a synthetic route to create a family of
mesoporous silica structures under a basic condition by employing anionic
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surfactants as the SDAs and aminosilanes or quaternized aminosilanes as the co-
SDAs. Most strikingly, even helical mesoporous silica materials can be
templated by the anionic surfactants containing chiral units (24). In addition,
nonionic alkyl poly(ethylene oxide) (PEO) oligomeric surfactants and
poly(alkylene oxide) block copolymers can also direct the mesoscopic assembly.
These nonionic surfacants become more and more popular and powerful in the
synthesis of ordered mesoporous silica materials due to their diverse structural
characteristics, rich phase behaviors, low cost, non-toxic degradation and many
other merits. Except for 2D (p6m) large pore mesoporous silica SBA-15 (3,25),

3D mesostructures (Im3m, la3d, Fm3m, etc.) have also been prepared under
acidic media by using poly(ethylene oxide)-block—poly(propylene oxide)-
block—poly(ethylene oxide) triblock copolymers (PEO-PPO-PEO) as the
templates (26-32). Mesotunnels can be generated on the pore walls of SBA-15
(33). The window size and the pore size of FDU-12 can be enlarged to larger
than 20 nm and to 27 nm (34), respectively. Morphologies can also be controlled
as of thin films, spheres, rods, single-crystals, monoliths, fibers, etc (27,35-39).

Considering the intrinsic chemical and physical properties of nonsiliceous
solids, in particular crystallites, together with the confined-space effects of their
nanopores, nonsiliceous mesoporous materials have been developed. It includes
important design features and manufacturing processes that are vital to a long-
term success in the mesoporous solids technology. These materials are capable
of opening up inestimable potential applications in optics, magnetics,
electronics, mechanics, microdevices and quantum dots (40-45). From the
viewpoint of synthesis, there are two challenging questions for material scientists.
(1) Are there generalized assembly approaches for producing ordered
nonsiliceous mesoporous materials, especially in the case of multicomponent and
3D channels? (2) Are there versatile methodologies to generate crystalline
mesostructures?

Two classes of materials have often been integrated as components in this
mesoporous family, i.e. mesoporous molecular sieves with open framework
structures and mesoporous replicas constructed by nanowire arrays, etc. The
former is normally prepared via surfactant seif-assembly, and the latter is
fabricated by confined-space assembly or nanocasting based on a hard-template
approach, as shown in Figure 1 (46,47). Surfactant self-assembly is a
construction of atoms, ions, molecules and/or nanoclusters into ordered arrays
and patterns by weak non-covalent bonds such as hydrogen bonds, van der
Waals forces and electrovalent bonds. Instead of a simple superposition of the
weak interaction, an integrated and complicated synergistic reaction facilitates
the process. Cooperative assembly between organic surfactant templates and
precursors is involved. In the process of confined-space growth, hard-template
materials possess mesoscopically topological structures. and the assembly of the
guest is restricted to the confined space in hard templates. A true replication of
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the guest from hard templates depends upon either the interactions between
them or the outside forces (e.g. capillary force, electrical force, efc.). A large
number of studies have been explored at least on the following three aspects: (1)
rationally synthesizing mesoporous materials with desired components and
structures, (2) investigating morphology, pore structures and surface chemistry,
and (3) implementing the physical and chemical properties into applications.

Surfactant/inorganic self assembly

» g :'
o .".. Self assembly e
. 9
R i R Ok
s b
£
b4 g
Surfactant + inorganic precursor composite
Nanocasting

Sﬂica
removal

introduction of
precursor

SBA-15 or MSU or MCM-48
porous silica

Figure 1. Schematic representation of general pathways leading to
mesostructured and mesoporous nonsiliceous materials. Reprinted from
reference 46. Copyright 2001, ACS.

This chapter presents the recent developments in the synthesis of ordered
nonsiliceous mesoporous materials mainly from our group. We summarize in
the first section the current status of mesoporous nonsiliceous molecular sieves
with open frameworks via surfactant self-assembly approach. This part includes
a description of: (1) highly ordered metal oxides, phosphates and borates, as
well as mixed metal oxides and phosphates obtained by using “acid-base pair”
route from inorganic—organic self-assembly, and (2) highly ordered polymers
and carbons with diverse mesostructures from organic-organic self-assembly. In
the second section, we will focus on the key factors for synthesizing ordered
mesoporous replicas in the hard-template approach. They include improving the
interactions between template and precursor, and between precursors themselves.
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These materials provide further motivations for the development of applications
in biochemistry, electronics, etc.

2. Surfactant self-assembly approach

Supramolecular self-assembly provides routes to a range of materials with
diverse components and structures. Inorganic—organic assembly and organic—
organic assembly are the two major branches according to the general chemistry,
to get inorganic and organic frameworks, respectively.

(1) Inorganic—organic self-assembly

The classical products from inorganic—organic self-assembly, which is based
on the cooperative organization of an organic surfactant and an' inorganic
precursor, are mesoporous silicates (/-4). As generally accepted, the organic—
inorganic interaction between organic templates and inorganic precursor species
is the main driving force to form ordered silicate mesostructures (48,49).
Elaborate investigations on mesoporous materials have been focused on
understanding and utilizing the organic—inorganic interactions. Stucky and
coworkers proposed four general synthetic routes which are S'T, ST, S'XT" and
SX'T (S* = surfactant cation, S~ = surfactant anion, I" = precursor cation, I' =
precursor anion, X = counterion cation and X” = counterion anion), respectively,
as shown in Figure 2 (48). A series of ordered nonsiliceous mesostructured
solids (e.g, tungstate and molybdate) were prepared. However, unlike the silicate
or aluminate precursors, most inorganic precursors can not hydrolyze or
hydrolyze in a quite high speed. 3D interlinked frameworks of these components
are difficult to be generated with stable long-range periodic structures (50,51).

To synthesize nonsiliceous ordered mesoporous materials, the important
success appeared when the versatile evaporation induced self-assembly (EISA)
strategy under the non-aqueous system was introduced to synthesize mesoporous
metal oxides (50,53). It was initially used in the preparation of mesoporous silica
thin films by Brinker and coworkers (52). The EISA method is beginning with a
solution in which the initial concentration of structural directing agent is lower
than the critical micelle concentration (CMC) value. Upon solvent evaporation,
the inorganic—organic composite liquid crystal mesophases are induced. The
inorganic species are further polymerized and condensed, gradually forming the
mesostructures (Figure 3) (54-56). Semicrystalline frameworks were obtained
where nanocrystallites nucleated within the amorphous inorganic matrices (50).
However, the compositions of ordered mesoporous oxides directly obtained from
the EISA approach are still limited. Most oxides are disordered or hybrid--
mesostructure that are more distinct for multicomponent mesoporous solids (50).
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The reasons may arise from the complexity of reactive properties and chemical
stability intrinsic in the desired constituents, as well as the difficult control of
hydrolysis, polymerization, cross-linkage and inorganic—organic assembly. It is
not general although several methods have been applied into controlling the
hydrolysis of inorganic precursors, for example, relying on metal chlorides and
coordination (50,54). Templates removal is also very difficult since the unstable
frameworks collapse during calcination owing to the crystallization of metal
oxides at relative low temperatures (57,58).

A better understanding of the interactions between precursors themselves is,
therefore, beneficial for careful regulation of synthesis. Recently, on the basis of

The control on the final mesostructure is

Final film

possible here by allowing water to re-
enter or to depart the Gilm
{swelling or contracting
the hydrophilic
network.

I reatment

Exaporation

(EISA)

Initial

Initial sol

Inorganic precursor 9

Water  of
Alcohol o~
Surfactant  ~~A~~r- S

Figure 3. Mesostructured thin-film formation by dip-coating. Step1: the isotropic
initial sol where the condensation is optimally slowed down. Step 2: the
evaporation proceeds and micelles start to form above the CMC. Step 3: the
evaporation is complete; the film equilibrates with its environment and the final
mesostructure is selected by adjusting the relative humidity before further
inorganic condensation. Step 4: the inorganic network is condensed; the hybrid
mesostructure is stabilized. Reproduced from reference 55. Copyright 2004,
Wiley.
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compatibility of acid and base precursors, an “acid-base pair” concept was
proposed to guide the selection of precursors in fabricating mesoporous metal
oxides with various components under the non-aqueous systems (59,60). The
simple neutralization concept in the “acid-base” chemistry principle and the
appropriate acidity self-adjusted by the precursor pairs are introduced. This
concept, together with the increased understanding on EISA strategy, sol-gel
chemistry and organic—inorganic interaction, which are interdependent of each
other, will pave the way for preparing ordered mesoporous nonsiliceous
materials.

Firstly, the inorganic precursors are divided into “acid” and “base”
according to their alcoholysis (here, alcohol is used as the solvent) behaviors.
Inorganic metallic or nonmetallic chlorides are considered as strong “acid” since
a large amount of acid is generated during the alcoholysis process. Hydrate
metallic salts and inorganic acid (Bronsted acid) are attributed to middle acidic
precursors. Metallic alkoxides and nonmetallic alkoxides (e.g. phosphatides) are
assigned to base because acid substances are seldom generated.

As depicted in Figure 4, an “acid” mineral precursor is designed to couple
with a “base” counterpart, forming the “acid-base” pair according to their
relative acidity and alkalinity on solvation. The pair not only generates a proper
acidic medium by tuning the ratio of “acid” to “base” precursors for both the
inorganic—organic assembly and the gelation of inorganic precursors, but also is
crucial for the homogenous mineral composition within the whole framework.
For assembling ordered mesostructures, normally the “acid-base” pairs formed
from strong “acid” and strong “base”, or strong “acid (base)” and medium “base
(acid)” in non-aqueous media are required. These pairs can be applied in the
formation of homogenous multi-component inorganic precursors. Generally, the
larger the acidity or alkalinity difference between the metallic and/or nonmetallic
sources is, the more effectively the pairs will form and function.

Five fundamental (A to E) acid-base pair connections between metallic
sources and/or nonmetallic sources are described in Figure 4. For convenience,
nonmetallic alkoxides such as Si(OR),, Ge(OR), (where R is a short-chain alkyl
such as CH;, C,Hs, C;H;, C4Hy) are listed in the metallic alkoxides column.
Routes A, B and E are reminiscent of the well-known non-hydrolytic sol—gel
process which produces molecular homogenous oxides (67). Routes C and D are
similar to the synthesis of mesoporous silicates (25) or mesostructured metal
chalcogenides (62) and microporous aluminophosphates (63,64). While routes F
and G are experimentally proven to be less effective with poor function. Non-
aqueous synthetic media are used to maximize the utility of this method and to
promote inorganic-inorganic  polymerization for assembling ordered
mesostructured materials. Polar organic solvents, such as C,HsOH or CH;0H,
are recommended for their oxygen donating property to improve the proton
transferring within the synthetic system. The various mesostructured phases can
be synthesized by tuning ratios of inorganic species to surfactants, or by using
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Metallic source
E

Alkoxide Salt
, Al(OR),, RECI, (RE = Ce, La, efc.) | AICI,, TiCl,,
Ti(OR),, Zr(OR),, Nb(OR);, MCI,» mH,0 ZCl,, HICI,
Si(OR),, Ge(OR),, (M = Ca, Mn, Fe, Co, Ni, | SnCl,, VCl,,

Other M(OR),0, (M =V, Ta, Hf, W, In,Cd,In,etc. n=2,3) | NbClg, TaCl, -

Sn, Fe, efc. 2<m<6, 0<n<2) Other non-chloride salt | WClg, efc.

| Akalinity

Acidity
OP(OR); (f=00r1) H,0 (H"), H,S PGl (s= 3 or 5), OPCl,
B(OR), H,P04, H,BO,, BCI, AsCl,
Ester Chioride

Figure 4. General scheme of the “‘acid—base pair” concept and guided synthetic
routes for mesoporous minerals. Reproduced from reference 59. Copyright
2003, Nature.

different surfactants, which are in agreement with previous synthesis pathways
(48,50).

Figure 5 shows the examples of synthesizing various mesoporous metal
phosphates through fundamental routes A to E and their derivatives. Route C is
not effective in our synthetic system. It is probably due to the less-controlled
inorganic precipitation. However, route C will work with the addition of some
strong “acid”, either metal chloride or phosphorus chloride (namely routes H and
K). Route E is suited for the preparation of metal oxides or mixed metal oxides.
Routes I and J derive from route A + B and route B + D, respectively. To
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assemble a multi-component (1,1,) composite, it is necessary to match acid—base
interactions of the various species presented during nucleation of the
mesostructured phases in the order of the interaction I;I, >> I,1;, LI, and O(I;1,)
>>0I,, Ol, (Figure 5). For example, in the synthesis of TiPO, the starting
precursors can be TiCl,;, Ti(OC;H,), and P(OC,H;);, PCl;. The acidity can be
well managed by changing the TiCl,/P(OC,Hs); or PCly/Ti(OC;H;), ratio.
Beginning with a PCl;-Ti(OC;H,), pair as the precursors and triblock copolymer
P123 (EO~PO+—EOy) as a template, the interactions between Ti and P oxide
species are stronger than those between Ti-Ti and P-P species, resulting in a 2D
hexagonal mesostructure (Figure 6). N, sorption measurements show that the
ordered mesoporous TiPO displays a narrow pore size distribution with 5.4 nm
and a BET surface area of around 220 m?g. By tuning the P123/(Ti + P) molar

ratio, bicontinuous cubic Ia§ d and unstable lamellar mesostructures can be

modulated. Body-centered cubic mesoprous TiPO (Im 3 m) can also be obtained
by switching the template to F108 (EO,3,POs0EO;3;). Narrow pore size
distributions are observed at the mean values of 6.4 — 9.8 nm.

Interestingly, ordered mesoporous crystalline metal oxides can be obtained
by using Ti(OC;H,); and PO(C,Hs); as the precursor and triblock copolymer
P123 as a SDA, followed by the controlled in situ crystallization of
nanocomposites, in which nanocrystals can precipitate within an amorphous
matrix (Figure 7) (42). The target structure of a designed mesoporous
nanocomposite is shown in Figure 7c. The designed nanocomposite is made up
of a large number of functional nanocrystals and small quantity of the multi-
component glass phase. It is the glass phase that helps in forming and
maintaining the network, controls in situ crystallization of materials on a
nanoscale and “glues” the nanocrystals together. The mesostructure can then be
retained even after crystallization.

It should be noted that the “acid-base pair” can either be two or more kinds
of metal or nonmetal precursors, e.g. TiCl,, ZrCl, and P(OR);, or the inorganic
precursors with the same metal, e.g. Ti(OR), and TiCl,. The latter which was
used in the synthesis of ordered mesoporous titania is a good example to explain
the efficiency of “acid-base pair” concept. Titanium oxides are one of the largest
research areas in semiconductor photocatalysts, which offer the advantages of
cleaner and quieter power generation while utilizing solar energy (65,66). Some
interesting features related to titania are the surface, quantum and macroscopic
quantum tunnel effects with the nanosize (1 — 100 nm), imparting them
extraordinary photoemission and photocatalysis properties (67). Ying and
coworker firstly used tetradecylphosphate as a template to prepare ordered
mesostructured titanium oxides relying on the strong affinity between
phosphorus and titania framework. Amorphous phosphorus modified titania were
prepared (68). The article by Yang et al.(50) covered the synthesis of
mesoporous titania solids with semicrystalline wall using titanium tetrachlorides
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(TiCly) as a precursor and triblock copolymer Pluronic P123 as a SDA via an
EISA strategy. The thick inorganic pore wall improves the thermal stability, and
thus inhibits the structure collapse during the template removal. However, the
products are less ordered compared to their silica counterparts. Detailed and
complete studies on EISA-based synthesis of titania thin films have been
investigated by Sanchez and coworkers (54,55,69). Reproducible preparation
and rational design of mesostructured thin films, as well as better understanding
of the EISA mechanism become possible, owing to their critical and informative
discussions. We believe that the acidity of precursor solution is an important
factor in the entire reaction process of preparing mesoporous titania under the
non-aqueous system (60).

A mixture of titanium alkoxide (ethoxide, isopropoxide or n-butoxide) and
TiCl, were used as the precursors. As expected, this method was proved to be
very effective, fast and easy to synthesize highly ordered, pore size tunable
mesoporous titania with both hexagonal and cubic structures. In this case,
titanium alkoxide was used as the main titanium source and titanium chloride
served as the pH “adjustor” and hydrolysis—condensation “controller”.
Compared with the synthesis from a single titanium source, namely TiCl,, the
acidity of precursor solution is significantly and controllably reduced by the
addition of titanium alkoxide which decreases the amount of TiCl, and
neutralizes the acid. The added metal alkoxide is also an extra oxygen donor.
Therefore, the cross-linkage and gelation of inorganic precursor molecules may
be easier and better. It shortens the synthetic period, improves the thermal
stability and hence, maintains the mesostructure and facilitates the
crystallization. Later on, successes were acquired in the cases of mesoporous
alumina and zirconia from the similar route.

On the basis of “acid-base” route, aluminum organophosphonates (AOPs)
were synthesized by using (HO),OPCH,PO(OH), and AICl; with the initial
molar Al:2P ratio of 1: 0.75 in the presence of oligomeric surfactants and
triblock copolymers. 2D hexagonal mesoporous AOPs can be obtained with
variable pore diameters of 3.3 — 9.2 nm (Figure 8) (70). Using the phosphorus
trichloride-zirconium propoxide pair as inorganic precursors, and triblock
copolymers or alkyltrimethylammonium bromide as organic templates,
mesoporous zirconium phosphates were prepared with surface areas between 78
and 177 mZ/g and controlled pore sizes between 2 and 4 nm (77).

Thus far, a wide variety of mesoscopically ordered, large-pore,
homogeneous and stable metal oxides, mixed metal oxides, metal phosphates,
metal borates, efc have been successfully synthesized (59). Most of these
mesoporous products possess semicrystalline pore walls and relatively high
thermal stability. These materials show high surface areas, uniform pore sizes
and tunable periodic structures, which may cause fascinating chemical and
physical properties.
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2) Organic—organic self-assembly

As shown above and elsewhere, the inorganic—organic self-assembly has
been extended to synthesize ordered mesoporous metal oxides, metal sulfides
and even metals (63,72). However, the preparation of mesoporous carbon
materials with ordered open pore structures is extremely difficult in solution and
remains challenging because of the high formation energy of C-C bonds.
Significant research activity has been undertaken to develop mesoporous carbons
due to their enormous potential for many high-tech applications such as
hydrogen storage, catalysis, adsorption, separations and electrochemical double
capacitors, even semiconductor and space technologies (73,74). Most of the
studies were focused on mesoporous carbon replicas prepared by a mesoporous
silica hard-templating method. It is the carbonization of sucrose-filled ordered
mesoporous silicates using sulfuric acid as a catalyst, and then removal of the
silica frameworks by HF or NaOH (75). The replicas obtained from the time-
consuming and costly procedure are constructed as ordered nanowire, nanorod
or nanotube arrays, replicating the ordered structures of mesoporous silicates. It
is an obviously elaborate, high-cost, and thus industrially unfeasible method.
Therefore, a soft surfactant self-assembly approach towards ordered mesoporous
carbons with open frameworks is desirable.

It is noticed that disordered porous carbon networks can be transformed by
pyrolysis of organic aerogels (76). The open frameworks and tunable porosity
give carbon aerogels accessibility to metal ions and good contact with reactants
which are extremely important in the fields of catalysis, electronic devices, gas
separation, efc (76). An attractive question therefore arises. Can the ordered
mesoporous organic framework directly transform to its carbon counterpart?
This strategy is important because it can simultaneously get the organic and
carbon frameworks.

In general, ordered organic materials can be fabricated from organic—
organic phases through several routes including phase separation (77), cross-
linked lyotropic liquid crystal (LLC) assemblies (78), and hard templating
approach by colloidal particles or porous inorganic materials (79). In the phase
separation, the pore structures can be formed after etching or degrading one
block (A) from the assembled block copolymer (A-B) (77). Perhaps due to the
thermal unstable framework deriving from weak van der Waals forces between
polymer chains instead of covalent bonds, the ordered mesoporous polymer
channels with large surface areas and porosity have not been obtained. Gin and
coworkers(78) prepared ordered organic mesostructures by utilizing cross-linked
LLC obtained from amphiphilic monomer molecules containing polymerizable
head groups. Unfortunately, the polymerization of liquid crystals occurs at only
their nearest neighbor head groups of amphiphilic surfactant molecules around
the water core. The pore channels are occupied with water molecules, resulting
in no porosity.



21

The successful syntheses of ordered mesoporous organic materials from
organic—organic self-assembly are however, rare, by reason of the intrinsic
characters of organic molecules. An excellent example for polymer
nanostructure from organic—organic self-assembly was given by Hillmyer and
coworkers (80). They used low-molecular-weight thermosetting epoxy as an
organic precursor and diblock copolymer poly (ethylene oxide)—poly
(ethylethylene) (PEO-PET) as an amphiphilic template to synthesize highly
ordered polymer nanostructures. The interaction between epoxy resin precursor
and template is stronger than that inside the resin precursor itself. Hence, highly
ordered polymer nanostructures could be obtained via the organic—organic self-
assembly, and subsequent cross-linkage of epoxy matrices did not destroy the
nanostructures. Unfortunately, the removal of templates and the evidence for
porosity in the products were not reported. Other instances are mesoporous
polyacryonitrile structures from the self-assembly of triblock copolymer poly
(propylene  oxide)-poly  (ethylene  oxide)}-poly (propylene oxide)
(PO;sEO;33P0Oy9), and  nanoporous carbon prepared by assembling
cetyltrimthylammonium bromide (CTAB) with resorcinol/ formaldehyde
(81,82). Their structures, however, are disordered. The main reason may be the
extremely weak interaction between organic polymer frameworks and
amphiphilic surfactants. It results in the reduction of miscibility between organic
frameworks and surfactants after polymerization, and consequent macroscopic
phase separation.

More recently, Dai and coworkers (83) successfully prepared ordered
mesoporous carbon films with open pore structures by using resorcinol and
formaldehyde as carbon sources and diblock copolymer poly(styrene}-block—
poly(4-vinylpyridine) (PS-P4VP) as a template. Electron microscopy images of
the carbon film are shown in Figure 9. Similar results were reported by Tanaka
et al. (84), in which the same carbon precursor and Pluronic F127
(EOy0PO-EO,06) were used for organic—organic self-assembly (Figure 10).
Triethyl orthoacetate (EOA) was added as a carbon co-precursor. It may
decrease the polymerization rate of resorcinol and formaldehyde under strong
acid conditions and enhance the interaction between them and the surfactant
templates. Consequently, the interactions between both organic precursors and
templates and the organic precursors themselves should be considered in an
carbons with diversified structures. A unique amphiphilic surfactant- templating
organic assembly approach was therefore applied to create organic mesoporous
materials and homologous carbon with open frameworks via a well-controlled
polymerization of the proper precursor.

We independently demonstrated a reproducible synthesis of highly ordered
mesoporous polymers and carbons from a solvent evaporation induced assembly
of low-molecular-weight and water-soluble phenolic resins (resols) and low-cost,
commercial triblock copolymers PEO-PPO-PEO (85). The schematic
presentation of synthesis is shown in Figure 11. The preparation procedure



Figure 9. Electron microscopy images of the carbon film. a) Z-contrast image of
the large-scale homogeneous carbon film in a 4H3 mm area. The scale bar is 1
mm. b) Z-contrast image showing details of the highly ordered carbon
mesostructure. Inset b is the Fourier transform (FT) of the image. The scale bar
is 300 nm. c) High-resolution SEM image of the surface of the carbon film. The
scale bar is 100 nm. d) SEM image of the carbon film cross section. The scale
bar is 100 nm. The inset is the FT of the cross section image. Reproduced from
reference 83. Copyright 2004, Wiley.

mainly includes five steps, that are resol precursor preparation, organic—
orgnanic hybrid mesophase formation from EISA, thermopolymerization and
drying process, template removal, carbonization.

The choice of resols as the organic precursor is the characteristic of this
work and is essential for the EISA of organic—organic templating process. The
resols are polymerized by phenol and formaldehyde under alkaline conditions.
Base-catalyzed processes can result in phenolic resins with 3D network
structures with benzene rings as three or four cross-linking sites. This kind of
cross-linked structure is similar to that of covalently-bonded silicate zeolite
frameworks, in which one silicon atom is linked to four other silicon atoms
through Si—O bonds. Simultaneously, basic condition facilitates the formation of
resol with plenty of hydroxyl groups (-OH), which can strongly interact with the
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Figure 11. Schematic diagram of the synthetic procedure for mesoporous
polymer and homologous carbon frameworks. Adapted from Meng et al.(85)
Copyright 2005, Wiley.

PEO blocks of triblock copolymer templates via hydrogen bonds. The phenol
has fewer reactive sites which are more inert than those in resorcinol. Therefore,
the polymerization rate of resols is more easily controlled. Compared with the
resorcinol/formaldehyde system, the resols decreases the interaction between the
polymer resin precursors themselves. As a consequence, the assembly of
phenolic resins and copolymer templates occurs more readily to form ordered
mesostructures without macrophase separation.

Owing to the successful syntheses of mesoporous silica films (52), the
EISA method is engaged to prepare ordered mesoporous polymer and carbon
materials. The beginning homogeneous solution is prepared by dissolving the
triblock copolymer and resol precursor in ethanol. The preferential evaporation
of ethanol progressively enriches the concentration of the copolymer and drives
the organization of resol-copolymer composites into ordered liquid-crystalline
mesophase. Furthermore, the ordered mesophase is solidified by the cross-
linkage of resols, which can be easily induced by thermopolymerization.
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The thermopolymerization step involves cross-linkage and polymerization
of the resol resins, further solidification of the ordered mesophases generated by
organic—organic assembly, and finally formation of integral 3D resin
frameworks. This step is rather important for the stability of the mesoporous
products, because the covalent bonds constructing the framework are essentially
formed during this step. A fast rate of resol polymerization would lead to the
deformation of preformed mesostructures and even macroscopic phase
separation. Based on the consideration of the mesophase behaviors of PEO-
PPO-PEO copolymers, a relatively low temperature (100°C) is adopted for
thermopolymerization to deliberately decrease the cross-linking rate of the
resols. To ensure complete cross-linkage, a long time (> 24 h)
thermopolymerization is utilized.

At least two distinct advantages can then be obtained. The big difference in
the thermal stability or glassy transformation temperature and the chemical
behavior between the resin frameworks and triblock copolymers contributes to
thermally decompose the soft templates. It gives large mesoporosity of polymer
resins by calcination under an inert atmosphere. In addition, the polymer resin
frameworks are stable enough to resist the deformation caused by the removal of
templates. Further increasing the heating temperature leads to a framework
transformation to carbon with ordered homologous mesostructures.

A family of highly ordered mesoporous polymer resins and carbons have
been synthesized, including mesostructures with lamellar, 2D hexagonal p6m

and body-centered cubic Im 3 m symmetries, which are obtained by simply
varying the EO/PO ratios in the templates. Partial results are shown in Figure 12.
The reason may be that the resols can interact with the hydrophilic PEO blocks
in copolymers. It causes a change of hydrophilic/hydrophobic ratio in the resol-
surfactant mesophase, and hence a difference in the interfacial curvature. Higher
ratios favor the formation of mesostructures with higher curvatures.

The mesoporous polymer resin materials exhibit highly ordered structures,
high surface areas (~ 670 m*/g), large pore volumes (~ 0.65 cm*/g) and uniform,
large pore sizes (~ 7.0 nm). Further heating to a temperature above 600°C
transforms the mesoporous polymers to the homologous carbon frameworks.
Ordered mesoporous carbon products show high surface areas (~ 1500 m?/g),
large pore volumes (~ 0.85 cm3/g) and uniform, large pore sizes (~ 4.9 nm), as
well as very thick pore walls (6 ~ 8 nm). The open carbon frameworks with
covalently bonded construction and thick pore walls exhibit high thermal
stability (> 1400°C). Compared with conventional mesoporous silicates, the new
families of ordered mesoporous organic polymers and inorganic carbon solids
offer great opportunities with applications emerging in adsorption, catalysis,
drug delivery, electrodes, and bioengineering.

After we recall the manufacture of ordered mesoporous silicates, the
assembly of organic surfactant and inorganic precursor in a dilute aqueous
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Figure 12. a) SAXS patterns of mesoporous polymer FDU-16 and mesoporous
carbon C-FDU-16. The inset is the 2D SAXS pattern of FDU-16. b) N,
adsorption isotherms of FDU-16 and C-FDU-16. ¢) and d) TEM images of
FDU-16 recorded along [100] and [110] directions. e) and f) TEM images of C-
FDU-16 viewed along the same directions. Reproduced from reference 85.
Copyright 2005, Wiley.
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solution is now considered to be a facile, low-cost and versatile approach which
has been demonstrated to be feasible in the industrial production. Can the
organic mesoporous materials and homologous carbons with open frameworks
be prepared in aqueous media? The example of bicontinuous cubic mesoporous

polymer (FDU-14) and carbon (C-FDU-14) with Ia3 d symmetry can illustrate it
(Figure 13) (86). The dilute aqueous route resembles to that used in preparing
mesoporous silica (e.g. MCM-41 and SBA-15). The preformed resols first
cooperatively assemble with the triblock copolymer P123, leading to a block—
copolymer—resin mesophase in the dilute solution at a pH value of about 8.5.
Further polymerization and carbonization direct the mesoporous polymer and
homologous carbon molecular sieve to a desired mesostructure.

3. Confined-space assembly

Confined-space assembly is the growth of a precursor is restricted to the
surface, cages, channels and substrates of a hard template (46). Perfectly
duplicating topology of the hard template derives the replica. In particularly, the
Au-silica mesostructured superlattice thin film is a model of the hard-template
approach which is templated by gold nanoparticles (87). Frequently used
inorganic hard templates are anode porous alumina (88), mesoporous silica (75),
etc. The latter is advantageous because of the flexibly modulated structures,
textures and morphology. A large variety of silicate periodic mesostructures
have been synthesized by using various surfactants as the SDAs, adding organic
swelling substances and inorganic salts, as well as adjusting synthetic
parameters.

Using ordered mesoporous silica materials as hard templates, a nanocasting
process can be carried out to obtain replicated mesostructures constructed by
nanorod, nanowire or nanotube arrays (46). The most fascinating success is the
replication of mesoporous carbon materials (75). However, other inorganic
replicas are not as successful, that normally consist of disordered nanowires or
nanoparticles without long-range periodicity owing to the partial loadings of
precursors inside the mesopores and the fast growth of precursor molecules
outside the mesopores (89). How to promote the filling of precursors into the
hard templates is therefore an urgent task. Recently, we summarize the work
about the synthesis of the replicated mesostructures prepared by the hard-
template approach of mesoporous silica (89). Evidently, improving the
interactions between template and precursor and between precursors themselves
are essential in the hard-template approach.
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Figure 13. a) XRD and SAXS (inset a) patterns of as-made FDU-14, FDU-14 and

C-FDU-14. b) Nitrogen sorption isotherms of FDU-14 and C-FDU-14. ¢)-f) TEM

images of FDU-14 (c, d) and C-FDU-14 (e, f) viewed along [111] (c, e) and [311]
(d, f) directions. Adapted from Zhang et al. (86) Copyright 2005, ACS.
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1) Improving the interaction between template and precursor

Filling the guest molecules inside the channels of the hard template is
important for nanocasting. The main driving force of a precursor entering into a
hard template comes from the capillary force (46). However, the interaction of
the inorganic precursor with the mesopore surface is also a fundamental point. If
the interaction is too weak, a partial loading is the result, thus producing
disordered nanowires or nanoparticles. On the contrary, orifice growth occurs in
the case of extraordinary interplay, which blocks further precursor
transportation. Which functional groups in the inorganic templates can have
proper interactions with the precursor molecules? As reported previously, both
the silanols located on hollowed out mesopore walls and the copolymers in
surfactant/silica hybrid materials can coordinate with the guest molecules
(75,89).

Silanols (=Si—OH) located on the pore walls of mesoporous silicates are
important in attracting guest molecules, which participate in the formation of
hydrogen bonds with H atoms and the electron-negative atoms (e.g. oxygen
atoms) of the precursors, as well as the chelation with metal ions in the
precursors. The more silanols on the pore walls are retained, the stronger
interaction between the hard template and guest molecules may occur.

Here a microwave-digested (MWD) technique is used to remove surfactants
and to protect surface hydroxyl groups. Taking SBA-15 for an example, a
procedure is that puts as-synthesized SBA-15 and an appropriate amount of
HNO; and H,0, into a reactor. The instantaneous high temperature (~ 200°C)
and pressure (~ 1.3 MPa) generated by microwave radiation facilitates the
oxidation of surfactants by HNO; and H,0,. Surfactants in the mesopores can be
totally eliminated. Less than detectable amount (0.05 wt%) of organic species
left. In contrast to calcination, MWD technique is facile and effective in
removing the surfactant without sacrificing the silanols on pore walls and distinct
framework shrinkage (90). It is reasonable that the microwave digested silicates
with large pore volumes, high surface areas, and the most important of all,
abundant silanols serve as the ideal hard templates for nanocasting replicas
(90,91).

After various surfactant/silica hybrid materials are prepared, four steps are
required to get the final mesostructured replicas. Firstly, the hollow-out
inorganic templates with abundant silanols are acquired upon removal of the
SDAs via MWD method. The silanols can strongly interact with the precursors
to improve their transportation. Introducing of the precursors into the pores in
templates is the second step via enhanced interactions between hard templates
and precursors, such as capillary force, chelation bond, and hydrophilic affinity.
A following crystallite process upon heating forms mestostructured patterns
within the pore channels. The last step is etching the hard templates by NaOH or
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HF solution to obtain the self-supported ordered nanoarrays with replicated
mesostructures.

The combination of hollowed out mesopores and abundant silanol groups
enables the general synthesis of mesostructured metal oxides and sulfides within
the channels and cavities of mesoporous silicates. The template—precursor
incorporation is easily obtained by mixing the mesoporous silica powders with
the alcohol solutions of conventional metal salts. After the solvents are naturally
evaporated and the silica templates are dissolved, highly ordered metal oxide
nanowire arrays can be replicated with various components including Cr,0O;,
Mn,O,, Fe,03, Co304, NiO, CuO, WO,, CeO; and In,0; (Figure 14 and 15). The
second-generation mesostructures can also vary from hexagonally packed

nanowire arrays (p6m), 3D bicontinuous nanowire arrays (la§d), to nanosphere

arrays (Im 3 m) derived from SBA-15, FDU-5 or KIT-6, and SBA-16,
respectively. More interestingly, they show doubly ordered structures on both
meso- and atomic scales (9/, 92). For example, small-angle XRD patterns
(Figure 14) and TEM images (Figure 15) display that replicated NiO and Mn,O,
nanowires have highly ordered hexagonally mesostructured packing. Wide-
angle XRD patterns (inset Figure 14) indicate well-crystallized inorganic
frameworks. N, sorption measurements show that these mesostructured metal
oxide nanoarrays have BET surface areas of 50 — 140 m%/g, total pore volumes
of 0.20 - 0.45 cm’/g, and uniform pore (intercrystalline voids) sizes of 3 — 7 nm.

MWD-mesoporous silicates are also efficient in replicating mesostructured
metal sulfides. By employing metal salts as precursors and thiourea as a sulfur
source, the pore channels of mesoporous silica templates can be completely

20

Figure 14. Small-angle XRD patterns of A) NiO and B) Mn,O, nanowire arrays
templated by MWD-SBA-15. Inset: wide-angle XRD patterns of A) NiO
nanowire arrays and B) Mn,O, nanowire arrays (0, ¥, and m represent typical
diffraction peaks of Mn;O3, MnQ,, and Mn;O, phases, respectively).
Reproduced from reference 91. Copyright 2003, Wiley.



31

filled with a one-step impregnation process. Subsequent heating treatment at
120°C and dissolution of silicates by NaOH solution result in ordered
mesostructured metal sulfide nanowires with high surface areas, such as CdS,
ZnS, In,S; and CuS (93).

Normally mesoporous silicates with small sizes of 1D channels and caged
windows, like MCM-41 and SBA-16, respectively, are thought to be unsuitable
for preparing mesoporous carbon. It is probably because of the lack of
complementary micropores within the silicate walls in contrast to SBA-15 (94).
However, mesoporous carbon, constructed of ordered hexagonal packed carbon
nanowire arrays with a small diameter around 2.2 nm, can be replicated from a
MWD MCM-41 hard template (Figure 16) (90). It can be attributed to the
unique microwave radiation in the strongly acidic and oxidative system under a
high pressure, where the siliceous framework may undergo local structural
evolution, e.g. recondensation and reconstruction. The process causes some
disordered meso/microtunnels on the pore walls, which are important for the
assembly of self-supported ordered carbon nanowires. As evidence, the adjacent
carbon nanowires are connected by irregular rods. Besides that, the preserved
rich silanol groups on the mesopore walls offer better inclusion and contact
between the hard templates and guest molecules, which provide strong binding
sites for sucrose and facilitate the transcription of the silica structural details, for
example, connecting tunnels, to carbon. Similarly, mesoporous carbon arrays
replicates the topological structure of cubic mesoporous silica SBA-16 whose
cage and window size are enlarged by the MWD method.

Considering the chelation between metal ions and —O— groups in the
block copolymer, a one-step nanocasting process is designed to fabricate the
ordered mesoporous silica monolith with nanocrystals inside the channels (95).
The mesophase of the copolymer can be substantially maintained in a certain
concentration range of the metal ions and the resulting complex can assist in the
assembly.

It is interesting that a mutual effect can occur between the hard template and
precursor. Their roles during the assembly can be exchanged. A metal complex
formed in the micelles of the block copolymer primarily serves as the soft
template to direct the mesoporous silicate through cooperative assembly and
assists in dispersing and transferring the inorganic metal salt precursor. By
employing a liquid paraffin protected heating treatment, highly ordered
mesostructured regularity and monolithic morphology is retained (95). The
following pyrolysis of inorganic salts to metal oxide nanocrystals can be
assigned to the guest growth in the mesopores of silicate upon the removal of
surfactant by calcination. The assembly in the confined space of mesoporous
silica channels leads to the metal oxide nanocrystals with a uniform size.

This method works well for the low-melting-point metals. For example,
indium metal clusters can be generated by the pyrolysis of indium nitrate and the
reduction from copolymer decomposition. The low-melting-point indium clusters
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Figure 15. TEM images of ordered metal-oxide nanowires obtained from MWD-
SBA-15 with crystallized mesostructured frameworks. (a) Cr,0; nanowires
depicted on the (100) plane (with the incident electron beam perpendicular to
the c-direction of the 2D hexagonal mesochannels) and the (001) plane (inset
Al); inset A2 is the SAED of a. The bars are 25 nm and 10 nm for a and A1,
respectively. (b) Mn.O, nanowires depicted on the (100) plane; inset Bl
showing the (100) plane with large magnification; inset B2 is the SAED of B1.
The bars are 200 nm and 20 nm for B and Bl, respectively. (c) Fe;O; nanowires
depicted on the (100) plane and the (001) plane (inset C1); SAED of c is shown
in inset C2. The bars are 100 nm and 50 nm for ¢ and C|, respectively. (d)
Co30, nanowires, (100) and (001) planes; SEAD of d is shown in inset D2. The
bars are 100 nm and 20 nm for d and D1, respectively. (e) NiO nanowires,
depicted on the (001)plane and (100) plane (inset E1); inset E2 is the SAED of
El. The bars are 20 nm for both e and E1. (f) In;O; nanowires, represented as
the (001) plane and the (100) plane (inset F1); SAED of f is shown in inset F2.
The bars are 50 nm and 100 nm for f and F1, respectively. Reproduced from
reference 91. Copyright 2003, Wiley.
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Figure 16. a) XRD patterns of MWD-MCM-41 and its carbon replica, and
b) TEM image of carbon nanowires replicated from MWD-MCM-41.
Adapted from Tian et al.(90) Copyright 2003, RSC.
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(lower than 160°C) can easily diffuse inside the 1D channels of mesoporous
silicate monolith and then aggregate to indium nanowires. Once the temperature
rises to 400 — 500°C, the oxidation occurs, and the resultant mesostructured
material is highly ordered with In,0; single-crystal nanowires as building blocks.
Ordered mesostructure and atomic periodicity of the single crystal exist
simultaneously.

2) Enhancing the interaction between precursors themselves

Reminiscent to the soft-template self-assembly, the interactions between the
precursors themselves should be fully considered. The greater tendency toward
migration inside the mesopore channels is found in the precursors to van der
Waals force or non-covalent bonds such as hydrogen and coordination bonds
(96, 97). The interaction plays a further role in inter-linking the stable
framework during the annealing stage (98).

Mesoporous graphitized carbon is the first example of building the guest
units. It is well known that the electrical and adsorption properties of carbon
materials are closely related to their graphite nature. However, mesoporous
carbons with graphitized structures have remained an attractive topic for
researchers and facile synthetic routes are anticipated. A method of one-step melt
impregnating mesophase pitches (MPs) inside the mesopores of silica template is
demonstrated to replicate the mesoporous carbon with a graphitized structure at
a low temperature (96). MPs are derived from polyaromatic systems and
generally form polydomain liquid crystals constructed by well-stacking layers of
carbon rings. The 7= stacking between the molecular units of MPs keeps the
incorporating process in a continuous fashion, leading to a perfect packing of
MPs in the pores (96, 99, 100). Etching the silica results in a true replica of the

3D bicontinuous cubic mesostructure (la3 d) with the complicated graphitized
orientation (Figure 17). Hexagonal mesoporous carbon can be replicated from a
mesoporous silica SBA-15 template. The guest is composed of graphitized
domains with a (002) crystallographic plane perpendicular to the long axis of
carbon nanorods. Compared with the amorphous mesoporous carbon, the
graphitized materials are proved to be anisotropic and present low surface areas
(~ 350 m%g) and pore volumes (~ 0.4 cm’/g) lacking of micropores for the
crystalline nature.

The precursors with internal hydrogen bonds are suitable for nanocasting.
The replication of mesoporous carbon from a sucrose/silica composite is a good
example (75). A complete filling of precursor molecules inside the mesochannels
depends on the internal hydrogen bonds between the ~OH groups of sucrose and
the silanols (Si~OH) on inorganic pore walls. [Cd.oS,s]“+ is a soluble cadmium
sulfide cluster with ample —OH groups, which is structurally comparative with



Figure 17. TEM images of ordered mesoporous graphitized carbon with

bicontinuous cubic la3 d symmetry along the [110] (a), [111] (d), and [311] (c)
directions; the insets of panels a, b, and c are the corresponding SAED
patterns; HRTEM images of the sample along the [110] (d), [111] (e), and
[311] () directions. The inset of panel e is the corresponding SAED pattern
of the observed area. The white arrows are the observed orientation of the
graphitized lattices. Reproduced from reference 96. Copyright 2004, ACS.
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sucrose to some extent. Analogous inter-linking function to that in sucrose is
expected to attain a large loading rate of [Cd1eS16]*, and in turn, a continuous
mesoporous sulfide framework (/07). Indeed, ordered CdS replica mesostructure
can be obtained following a two-step impregnation procedure which is similar to
that for casting the mesoporous carbon from sucrose (97). The resultant copied
from a SBA-15 template is constituted by inter-connected polycrystalline CdS
nanowires and the BET surface area is as high as 150 m%/g.

The active interaction during the annealing process occurs in - the
nanocasting procedure of mesoporous silicon carbides (98). Silicon carbides are
a kind of non-oxide ceramic with unique mechanical and functional
characteristics. However, because of the high formation temperature, ordered
porous SiC solids are very difficult to be obtained (/02). Recently, highly
ordered mesoporous silicon carbides with high specific surface areas of about
700 m’g”, large pore volumes of around 0.8 cm’/g and extraordinary thermal
stability up to 1400°C under nitrogen atmosphere have been successfully
prepared (98). After a polycarbosilane solution is impregnated in a mesoporous

silica (with the 2D hexagonal (p6m) or 3D bicontinuous (/a3 d) mesostructure),
the nanocasting process is proceeded at 300 °C for 5 hours so that the rough
surface of silica can be entirely replicated to the polycarbosilane. Concretionary
amorphous SiC solid is produced during the following pyrolysis of polymer
precursor, fully copying the shape of channels in the mesoporous silica template
(Figure 18 and Figure 19). A higher total ceramic yield after calcination is found
at a lower heating rate which can be assigned to the stronger inter-linkage
interactions among polycarbosilane molecules. The step is therefore carried out
up to 700°C at a rate of 0.5°C min'. Subsequent crystallization is achieved by
the local region Si-C bonds reassembly. A rough surface of the SiC nanowires
can be obtained after removal of the silica matrix, resulting in an unusually high
surface area.

4. Applications

1) Bio-Application

Numerous applications of the mesoporous materials emerge in biology
owing to the mesopore sizes matching well with the dimensions of proteins.
Although silica mesostructures manifest outstanding prospects in the fields of
protein separation, fixation, catalysis and identification (72, 103, 104),
nonsiliceous mesoporous materials possess more predominant optical, electric
and magnetic properties. These characters, therefore, pave the way for valuable
applications in biosensors, bone-forming materials, electrodes, photochromic
materials, photo-inducing substrates and even microdevices (105, 106).
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100 nm

100 nm

Figure 18. TEM images of mesoporous silicon carbides SiC-SBA15-1200 taken
along [110] (a)and [100] (b) directions, and SiC-KIT6-1400 along [111] (c)
and [531] (d) directions. Insets show their corresponding Fourier
diffractograms. Reproduced from reference 98. Copyright 2006, Wiley.
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Figure 19. Small-angle XRD patterns of mesoporous silicon carbide replicas
and their “parent” mesoporous silica materials with 2D hexagonal (p6m)
structure (a) and 3D cubic (la3 d) structure (b). Reproduced from reference 98.
Copyright 2006, Wiley.
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Glass ceramics constituted by CaO-P,05-Si0,-MO (M = Na, Mg, ezc.)
have been widely studied and used in clinical applications owing to the chemical
bonds with living bones (707). Does mesostructure have any predominance in
bone forming? Mesoporous bioactive glasses (MBGs, CaO-P,05-SiO,) have
been synthesized by a simple EISA process in non-aqueous systems (/05). The
structures and components of these materials can be easily tuned. The bone-
forming activities of MBGs in vitro were tested in simulated body fluid (SBF) to
monitor the formation of hydroxycarbonate apatite (HCA) on the surfaces of
MBGs as a function of time. The formation of a rod-like morphology, which is
similar to that of HCA in human bones, is an evaluation to access the biomimetic
chemistry (Figure 20). The growth of HCA nanoparticles less than 100 nm in
diameter is observed after soaking the MBG 80S15C (80S and 15C represents
the molar fraction of Si, 80% and Ca, 15%, respectively) sample for 4 hours.
Rod-like morphology is shaped after another 4 hours (Figure 20c,d). However,
such a biomimetic morphology hasn’t been molded even after 3 days for the sol-
gel-derived bioactive glass (BG) sample. The better bone-forming bioactivity in
vitro can be attributed to the higher surface area, larger pore volume and more
accessible mesopore surface of the mesostructure than the conventional BG
material. Animal tests were carried out on the legs of mice. Compared with the
case from commercial BG, the shorter bone-forming periods and higher yields in
the stocky mice bones with less macroporous voids give further evidences on the
advantage of mesostructure.

Nb,Os has been reported as an electron acceptor and host for a family of
electron-donating guest species and is thus applicable to a wide variety of
reactions involving electron transfer (/08). It is therefore reasonable to design
mesoporous niobium oxide electrodes with high surface areas, tunable pore sizes
to match the dimensions of diverse biomolecules, favorable bio-compatibility
and electrochemical activities by the “acid—base pair” strategy (/06).

Figure 21 reveals that assembling cytochrome ¢ guest molecules onto an
ordered mesoporous Nb,Os host with a pore size of 6 nm effectively promotes
the direct electron transfer of redox proteins. The rapid catalytic response to
hydrogen peroxide indicates that the high activity of immobilized biomolecules
is retained. Horseradish peroxidaze can also be immobilized on the mesoporous
Nb,Os host whose high porosity matrix offers a good environment for enzyme
loading and substrate diffusion causing high sensitivity and long-term stability.
Another virtual electrode is the mesoporous carbon replicated from a
mesostructured silica template. Anchored glucose oxidase in the channels of
mesoporous carbons, the reversible electron transfer of the proteins can be
directly detected. Biosensors based on this kind of electrodes exhibit a fast
response to the glucose, which have potential applications in biocatalysis for
glucose oxidation.

Ordered hexagonal mesoporous WQ;-TiO, prepared according to the
“acid—base pair” concept was used as a matrix in matrix-assisted laser
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Figure 20. SEM images of mesoporous bioglass, MBG 80S15C after immersing
in SBF for 0 (a), 4 (b), and 8 h (c). HRTEM image of the above case c (d). Inset
d is the ED pattern of HCA deposited on MBG sample. Reproduced from
reference 105. Copyright 2004, Wiley.

desorption/ionization mass spectrometry (MALDI-MS) (109). The matrix can
trap the analytic molecules, such as peptides and large biomolecules, and act as
an energy receptacle for laser irradiation, owing to their prominent absorption
abilities in ultraviolet light range and excellent competences in laser
desorption/ionization systems. The comparatively higher ionic yield in the
analysis of peptide Gramicidin S than that of the nonporous counterpart
indicates the privilege of mesostructure. In addition, the measurement of
myoglobin digests and their derived fragments in MALDI-MS provides the
complete detection of protein sequence and accurate protein identification. On
the combination with the benefits of facile preparation, exceptional sensitivity,
outstanding reproducibility, as well as high chemical and physical stability,
ordered mesoporous metal oxides are proved to be a kind of potential matrices
for protein identification in the field of proteomic.

2) Optical and electronic applications

Nanocomposites obtained from the hard-template approach combine the
single-crystalline components with large surface areas and uniformly nanoporous
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Figure 21. a) CVs of (A) the bare Nb,O; film in blank buffer solution compared
with the immobilized Cyt-c/Nb,0:s film in a protein-free buffer, (B) before and
(C) after immersion overnight: scan rate =100 mV/s. The inset shows the
electron transfer rate constant versus the scan rate for adsorbed Cyt-c
molecules on such films. b) Dynamic response of the (4) Cyt-c/Nb,Os and
(B) Nb,O:s electrode to the successive addition of H;O, in pH 7.0 buffer solution
at an applied potential of -0.25V. The inset shows CVs of the Cyt-c/Nb,0;s
electrode in (C) the absence and (D) the presence of H,O,, at a scan rate
of 50 mV/s. Reproduced from reference 106. Copyright 2003, Wiley.

confinement which may derive unexpected characters (//0). Mesoporous tin-
based oxide/carbon composite (ONTC) prepared from a mesoporous carbon
CMK-3 template offers a promising negative-electrode material in lithium-ion
battery (111). In comparison with the nano-sized tin oxides and tin-based oxides
(MTBO), the mesostrtured tin-based oxide/carbon composite displays a superior
cycling performance and stability cycled with a wide voltage range of 0.02 — 2.0
V (Figure 22). It can be concluded that 3D interconnected mesoporous carbon
framework provides the confined-growth nanospace of tin-based oxide, prevents
the particle-to—particle aggregation of tin species, and ensures the good
electrical contact in tin composite.

The unique function of ordered mesoporous nonsiliceous oxides can also be
applied in optical devices. 3D caged mesoporous WO;-TiO, composite exhibits
an extraordinary electrochromic property and a stable contrast ratio in a
wavelength ranging from 400 to 800 nm. The advanced applications can be
achieved in “smart windows” (112).
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5. Summary and Outlook

The field of ordered mesoporous materials represents a great opportunity for
materials to have an impart on modern technology. Substantial progress has been
made in the inorganic—organic and organic—organic interactions that have been
reflected in mesoporous silicates from inorganic—organic self-assembly.
Considerations on modulating the surfactants with various types and
hydrophobic/hydrophilic nature and controlling the hydrogen bonds and
Coulomb forces between the templates and inorganic molecules deduce a large
number of highly ordered mesostructures. This chapter demonstrates that the
precise control of the interactions inside the inorganic or organic species and
between organic template/precursor species is very important for understanding
the surfactant self-assembly approach in the fabrication of ordered mesoporous
nonsiliceous materials. In addition, improving the interactions either between the
hard template and precursor or between the precursors themselves favors the
confined-space growth. Valuable applications emerge in the fields of biology,
photoelectronic materials, sensors and electrodes.

The EISA strategy skillfully avoids the true inorganic—organic interaction in
the cooperative assembly process, which facilitates the soft-template
approach.(113) A generalized “acid-base pair”’ concept and an organic—organic
self-assembly strategy are therefore established, which give rise to a large
number of highly ordered mesoporous metal oxides, mixed metal oxides, metal
phosphates, metal borates, polymers and carbon molecular sieves. In the former
case, the organization of inorganic—organic mesophase is dissociated with the
densification of inorganic framework. While in the preparation of ordered
polymers and carbons from organic—organic self-assembly, the cross-linking and
thermopolymerization processes of the resols are separated from the assembly.
Therefore, carefully choosing the reactants and the conditions may enhance and
balance those interactions, and result in high-quality products. In the “acid—base”
route, it is necessary to match acid-base interactions of the various species
presented during nucleation of the mesostructured phases. The key issue for the
successful organization of organic—organic mesostructures is the preformed
polymer guest, which has plenty of hydroxyl groups and strongly interacts with
the amphiphilic triblock copolymer via hydrogen bonds. Furthermore, three- and
four-connected benzene rings can be generated via covalent bonds, the same as
the silicate in zeolites or/and mesoporous silicate molecular sieves.

Current improvements are also essential for the synthesis by a hard-template
pathway. It materializes in enhancing the interactions between the hard template
and precursor and the precursors themselves to a substantial extent. A
microwave-digested method, which can remove the surfactant, retain the
majority surface hydroxyl and generate connected micropores on pore walls, is
used to produce a wide variety of mescopically ordered nanoarray replicas with
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single-crystalline structures. By utilizing the coordination of organic surfactant
with metal ions, a one-step impregnation process is used to fabricate ordered
silica monoliths with various metal oxides nanocrystals. [Cd;oS;¢]** clusters with
plenty of hydroxyl groups and mesophase pitches are excellent candidates for
nanocasting ordered mesoporous CdS and graphitized carbons, respectively.
Concretionary amorphous SiC solid is produced during the continuous pyrolysis
of polycarbosilane precursor, fully copying the shape of channels in the
mesoporous silica template.

Although the number of research in nonsiliceous mesoporous materials has
increased because of the high potential impact on practical applications, there is
still a significant need to design, synthesize, and evaluate new materials. A
method for regulating the interaction between guest molecules and/or hard
template has not yet been determined, but such regulation could produce novel,
convenient, economic, and reproducible strategies. Bulk production of
nonsiliceous mesoporous materials are also imperative under the situation. The
present syntheses are limited to the qualitative description. The quantitative
illustration is the future target from the viewpoint of theoretical and configurable
computation in order to develop generalized synthetic pathways and rationally
design the structures, compositions and properties. Once this is achieved, it will
be possible to fabricate ordered mesoporous metal oxides and sulfides with
crystallite walls, high melting point semiconductors, as well as mesoporous Si,
SiC, metal carbides and nitrides with open frameworks, together with achieving
direct organic functional walls or channels of the mesoporous materials. The
challenges are inevitably great in exploiting their functions in catalysis, sensors,
microelectrodes and dielectric materials.
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Mesoporous silicates (MPS) provide a means of immobilizing
proteins and enzymes in a stable environment while retaining
physiological function. A systematic methodology of
assessing the potential of immobilising a given protein on to
MPS has been developed from extensive characterization of
the surface properties of the silicates and proteins. This
approach can be potentially utilised in the design of a solid
support for any protein.

Enzymes catalyze reactions with high specificity. Unfortunately, they are
not always suited to industrial or medical applications. They are often unstable
and show low activity in organic solvents or at high temperatures. Denaturation
of the enzyme, which destroys its catalytic activity, can often be induced by pH,
mechanical or thermal treatment. In industrial processes, the enzyme is often
denatured during its removal from the reaction mixture. This is uneconomical as
active enzyme is lost. These disadvantages involving enzymes can be overcome
by immobilization of the enzyme onto a solid structure (/,2). With increased
mechanical stability and potential for recycling, the advantages of enzymes in
catalyzing specific reactions under mild conditions can be harnessed via
immobilisation.
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In the early 1990°s Beck et al. demonstrated a significant practical method
of synthesising zeolite type materials with larger pore diameters (3). A wide
range of mesoporous silicates (MPS) has been described since this report (4-9).
MPS are formed using surfactants such as cetyl-trimethyl ammonium bromide in
solution, which act as structure directing agents. Addition of a silane results in
silica polymerisation around the surfactant micelle structures, forming a gel.
This gel is set thermally, condensing the silane to form a stable material. Upon
removal of the surfactant, a mesoporous structure remains. MPS possess large
surface areas (up to 1000 m” g™"), highly ordered pore structures and very narrow
pore size distributions (PSD); properties which have made these materials
attractive candidates for a wide range of applications in catalysis, sensor, and
separation technologies (4-8). The size and connectivity of the pores is
determined by the synthesis and surfactant used, allowing channel diameters to
be tailored between 3-20 nm, a pore size range similar to that of proteins,
making MPS ideal for encapsulation applications. MPS are transparent in the
visible region of the spectrum, and possess good mechanical and thermal
properties. They possess a number of additional attributes, which make them
attractive candidates for the immobilisation of proteins. It is possible to
chemically modify their surfaces with various functional groups, enabling
electrostatic attraction or repulsion between an MPS and the biological molecule
of interest to be optimized (9,70). As a result of their silicate inorganic
framework, MPS are chemically and mechanically stable and are resistant to
microbial attack.

Materials such as sol-gels display similar stability to MPS and have been
used to encapsulate proteins for use as biosensors (/1,12). However, sol-gels
suffer from the disadvantage of possessing a highly variable pore size
distribution. More importantly, their preparation can involve the use of harsh
conditions or reagents, which are detrimental to, and can cause denaturation of
some proteins. Using MPS, protein encapsulation occurs after synthesis of the
support, avoiding this difficulty. Controlled pore glass (CPG) (/3) has been used
extensively as a means of immobilising enzymes and a range of CPG materials
are available. However, adsorption of enzymes to CPG generally entails the use
of covalent links between the protein and CPG, which can result in a significant
loss in enzyme activity.

In 1996 Balkus and Diaz (10) first described the immobilisation of proteins
onto mesoporous MCM-41. We, and others, have shown that mesoporous
silicates (/4-22) provide a means of immobilizing proteins and enzymes in a
stable environment while retaining physiological function. It is important to note
that the process of immobilising enzymes is simple; the protein and MPS are
incubated under the appropriate conditions for a period of minutes to hours, after
which the MPS adsorbed protein is removed by centrifugation and washing
steps. Many factors (11-17) have a strong influence on the enzyme loading and
on the activity of the resultant biocatalyst, including the relative sizes of the



51

mesopores and the enzyme, surface area, pore size distribution, mesopore
volume, particle size, ionic strength, isoelectric point and surface characteristics
of both the support and the enzyme. We have recently established a methodical
means of evaluating the effect of each variable on the adsorption of a particular
enzyme into a particular mesoporous support (/7,/8). Here we describe the
parameters that affect the adsorption and activity of a number of proteins and
enzymes onto MPS.

Experimental

Pluronic P123 (EO,PO-EO,) was obtained from BASF. Tetra-
ethoxysilane (TEOS, 98%), 1,2-bis(trimethoxysilyl)ethane (BTMSE, 96%), 2-
cyanoethyltriethoxysilane (CEOS), sodium hydroxide, horse heart cytochrome ¢
(90%), cetyltrimethylammonium bromide (CTAB), 2,2’-azino bis (3-ethyl-
benzthiazoline-6-sulfonic acid) (ABTS), trizma base (99.9%), acetic acid,
sodium acetate, potassium hydrogen phosphate, potassium dihydrogen
phosphate, sodium hydrogen carbonate and sodium carbonate were all obtained
from Sigma-Aldrich.

SBA-15 (23), MSE (24), PMO-ICS-50 (25), CNS (17), CNS-cal (17)",
MCM-41/28 (26), MCF (27) and AIPO (28) were all synthesised following
previously published protocols. PMO-PA-50 was synthesised following the
protocol for PMO-ICS-50 but using bis[3-(trimethoxysilyl)propyl]amine instead
of tris[3-(trimethoxysilyl)propyl] isocyanurate. MCM-41 was synthesised
according to a published protocol (3) but with the addition of trimethylbenzene
as a swelling agent, in a ratio of SiO,: TMB = 1:0.8. The surfactants were either
removed by Soxhlet extraction with ethanol (SBA-15, MSE, CNS, KIT-6, MCF,
PMO-ICS-50 and PMO-PA-50) or calcination (CNS-cal, MCM-41/28, AIPO
and MCM-41).

Nitrogen gas adsorption/desorption isotherms were measured at 77 K using
a Micromeritics ASAP 2010 system.. The surface area was measured using the
Brunauer-Emmett-Teller (BET) method (29). The pore size data were analysed
by the thermodynamic based Barrett-Joyner-Halenda (BJH) method (30) on the
adsorption and desorption branches of the N, isotherm. Transmission electron
microscopy was conducted using a JEOL JEM-2011 electron microscope
operated at an accelerating voltage of 200 kV. The powder was placed directly
on a Formbar-backed carbon-coated copper grid. Isoelectric points were
measured using a Malvern Zetasizer 3000HSA.

The CNS-trypsin nanoreactors were generated by mixing trypsin with a
suspension of CNS (final concentration of 1 mg/ml, in 25 mM potassium
phosphate, pH 6.5) at room temperature for 16 h. The amount of trypsin
adsorbed was 200 ng/ug CNS. All tryptic digests were analyzed on an Applied
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Biosystem 4700 proteomics Analyzer. The PMF spectrum of each spot was
obtained by accumulation of 2500 laser shots and the laser intensity was 5500.

Results and Discussion

The pore diameter and structure of MPS are illustrated in the TEM images
obtained for SBA-15 in Figure 1. MPS with pore diameters of over 20 nm can
be synthesized, a size sufficiently large to accommodate large proteins and

enzymes.

Figure 1. TEM images showing (A) the hexagonal pore structure and
(B) the channels in SBA type materials.

In order to ascertain that a particular protein will adsorb onto MPS, it is
necessary to first compare the relative sizes of the pores and the protein. Direct
proof of inclusion of a protein into the pores is not simple. Comparison of the
loading obtained on MPS with a pore diameter larger than that of the protein to
that of MPS with a smaller pore diameter is the most facile, though indirect
method. Zhi et al. (37) have used TEM to show that ferritin, which contains a
large core of iron (6 nm diameter), is located in the interior of boron nitride
nanotubes. Such an approach is not possible with the majority of enzymes which
can not be visualized by TEM. From adsorption studies using cytochrome ¢ and
a range of MPS, we have shown that provided the pore diameter is sufficiently
large to accommodate the protein, more than 90% of the protein loading is
accommodated within the pores. Elliposmetric analysis of the amount of
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cytochrome ¢ adsorbed onto an MPS film with pore diameters smaller than that
of cytochrome ¢ showed that between 5 and 10 layers of the protein could be
adsorbed on to the exterior surface of the MPS (32).

The charge of the protein and of the MPS can play crucial roles in the
adsorption process. With proteins, it is not just the magnitude of the charge, but
also the charge distribution. Figure 2 shows the charge distribution of three
proteins, cytochrome c, trypsin and choroperoxidase. While these proteins range
from positively charged (cytochrome c) to approximately neutral (trypsin) and
negatively charged (chloroperoxidase) at pH 7.0, MPS are negatively charged,
though the magnitude of their charge varies. Adsorption of protein into the pores
can, under optimal conditions occur rapidly, as illustrated in figure 3, where
SBA-15 becomes saturated with cytochrome c in a matter of minutes (18). The
loading achieved is of the order of 300 mg/g, illustrating the adsorptive capacity
of MPS. The highest loading was achieved at pH 10 where cytochrome c bears
an overall charge close to neutral. Adsorption is achieved by incubation of the
protein with MPS; the extent of adsorption is then monitored by following the
absorbance at the appropriate wavelength. It is important to ascertain that the
protein itself is stable under the adsorption conditions, something that has not
always been monitored in these types of adsorption studies. For instance, a
protein such as cytochrome ¢ shows a stable absorbance in solution for periods
of 24 hours or more, while this is not the case for unstable enzymes such as
xylananse, as has been previously documented (18). Even with the relatively
stable protein, myoglobin, the adsorption process can not last longer than 24
hours as after this time period the protein will start to aggregate and precipitate
from solution.

Screening of the parameters that affect adsorption can be rapidly performed
using a 96 well plate format (33). Figure 4 shows how the effect of ionic
strength can be ascertained for a range of conditions and demonstrates that
electrostatic effects are dominant in the adsorption process (with the exception
of MSE and PMO materials), while varying in degree for different MPS.

Introduction of alkyl and modified groups has the potential of assisting in
the adsorption of more hydrophobic proteins and increasing the activity of the
adsorbed enzyme. Trypsin adsorbs on to cyano-modified MPS and remains
highly active. The adsorbed protein retains and somewhat surprisingly is slightly
more active than the enzyme in solution. In nonaqueous solvents the adsorbed
enzyme is significantly more active and more thermally stable than the
corresponding lyophilized powder form (34-35). Similar results have been
observed with cytochrome ¢ (36).

Tryspin-CNS has been used to digest myoglobin (37-38), with analysis of
the proteolytic products by mass spectrometry (figure 5). After a 10 minute
digestion period using trypsin-CNS, comparable results to in-solution digestion
(12 hours) were obtained, demonstrating that the rate of reaction was
significantly accelerated.
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Figure 2. Poisson-Boltzmann electrostatic potentials of (A) cytochrome c,
(B) trypsin and (C) chloroperoxidase calculated by GRASP (39).
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Figure 3. Plot of amount of cytochrome c loaded onto SBA-15 at pH 4 (0),
7(¢)and 10 (m).
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Figure 4. Effect of ionic strength (I) on the amount of cytochrome c adsorbed on
to MPS, as determined using a 96 well plate format.
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after protein digestion by CNS-trypsin (10 min).

MPS encapsulated enzymes display significant potential as bioreactors with
MPS providing significant increases in enzyme stability and catalytic efficiency.
We have recently outlined a detailed protocol (Figure 6) that describes the steps
required to successfully immobilise an enzyme; in principle this protocol may be
applied to any combination of enzymes and porous supports. Current work is
focussing on using this protocol to develop stable biocatalysts for use in enantio-

and region-selective transformations.
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Figure 6. Protocol for the generation of novel immobilised enzyme
biocatalysts (18).
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Chapter 3

Enzyme Stabilization Involving Molecular Evolution
and Immobilization in Mesoporous Materials

Haruo Takahashi and Chie Miyazaki-Imamura

Biotechnology Laboratory, Toyota Central R&D Laboratories, Inc.,
41-1, Yokomichi, Nagakute, Aichi 480-1192, Japan

Enzymes (proteins) were successfully stabilized in mesoporous
materials. When the pore diameter of mesoporous material was
controlled to nearly the same as that of the enzyme, the
immobilized enzyme sometimes showed high stability. The
surface amino acid residues would form hydrogen bond with
silanol residues of mesoporous materials during the
immobilization. The enzymes could be well immobilized and
stabilized at the low pH region below pl ( isoelectric point) of
the enzyme. A mutant manganese peroxidase (MnP) library
involving three randomized amino acid residues in the entry
site of the H,O,-binding pocket of MnP was produced on a
multi-well plate using SIMPLEX (single-molecule PCR-linked
in vitro expression). The screening of more than 10* samples
independently expressed for improved H,0, stability gave four
positive mutants, of which the H,O, stability was up to nine
times higher than that of the wildtype. An immobilized MnP
mutant in mesoporous material showed high H,0, stability, i.e.
more than 50-fold that of the wild-type MnP. But the stability
of the immobilized wild-type MnP was not improved as much
as that of the immobilized mutant MnP. MnP immobilized in
mesoporous materials could be applied to a ligneous bleaching
system.
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Introduction

In recent years, periodic mesoporous materials with uniform pore diameters
of 2~30 nm have been synthesized (1-10). Because the pore diameters of these
materials approximate those of enzymes molecules, their application as enzyme
supports has been suggested.

It has been shown that the surface characteristics of mesoporous materials,
and matching of the sizes of protein molecules and the pore diameters of
mesoporous materials are essential for protein stabilization (11-14). We have
also reported that MnP was successfully stabilized in a mesoporous material
(FSM) when the mesopore size of FSM was nearly the same as the diameter of
the enzyme (15). MnP catalyzes the oxidation of Mn?* to Mn’" utilizing H,0,
and forms a complex with an organic acid. A Mn’*-chelate complex is a highly
reactive non-specific oxidant capable of oxidizing a variety of environmental
pollutants (16-18). However, MnP is very sensitive to inactivation by H,O, or
thermal treatment. An attempt to increase the thermo-stability of MnP has been
-reported [19], but one to increase its resistance to H,O, had not been reported.

On the other hand, cell-free protein synthesis systems allow the rapid
production of proteins directly from plasmid or polymerase chain reaction
(PCR)-amplified DNA templates. Another striking advantage of the system is the
easy modification of the composition of the reaction mixture according to the
requirements for the synthesis of a protein. However, functional expression of
heme-containing proteins has not been successful. We have succeeded in
synthesizing a functional MnP using a modified E. coli in vitro protein synthesis
system with disulfide-forming catalysts involving protein disulfide isomerase
(PDI) and various chaperones (22).

Recently, Nakano et al. developed single-step single-molecule PCR (SM-
PCR) with a homo-primer for amplification from a single-molecule DNA
template and proposed a novel protein library construction system named
SIMPLEX (single-molecule-PCR-linked in vitro expression)(20). The
correspondence of a genotype (SM-PCR product) with a phenotype (in vitro
synthesized protein) has made it possible to screen a large range of mutant
enzymes and to increase the enzymatic function efficiently. We have increased
the H,0, stability by means of SIMPLEX technology exclusively on 384-well
plates. The whole process takes only ~8 h from the beginning of the SM-PCR to
the end of the screening, and only a few days were required to screen 10
independent clones. The high-throughput construction of mutant MnPs and
screening in the presence of H,O, resulted in the finding of mutants with
improved stability against H,0, (21-22).

In this paper, we present an excellent enzyme (peroxidase) stabilizing
strategy involving molecular evolution and immobilization in mesoporous
materials.
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Nano-size materials and bio-molecules

Figure 1 shows nano-size materials and bio-molecules. The size of a
hydrogen atom is 0.1nm. The small axis of a DNA molecule is about 2nm, and
the sizes of protein range from about 2 to 30nm. The diameter of a virus is about
100 nm, and that of a bacterium (E. coli) is about 2pm. In materials, the size of
fullerene is 0.7nm and that of a carbon nano-tube is about 3nm. On the other
hand, the pore diameters of mesoporous materials range from about 2 to 30nm.
The pore diameters of mesoporous materials are nearly the same as the sizes of
protein molecules.

1A 1nm 10nm 100nm  1pm 1mm

10"°m 107 m 10%m 10°m

Fulleren Carbon  Mesoporous Pollen

0.7nm nano-tube material ~100nm ~30um
' ~3nm 2~30nm
A &
Dy P
& ki

Protein Bacteria Tick

Hydrogen atom DNA ( Enzyme ) (E. coli)
0.1nm ~2nm ~30nm ~2um ~200um

Figure 1. Nano-size materials and bio-molecules

Enzyme immobilization in mesoporous materials

The synthesis (A) and crystal structures (B) of mesoporous materials are
shown in Figure 2. Mesoporous materials (FSM) were prepared using
hexadecyltrimethylammonium chloride and 1, 3, 5-triisopropylbenzene (TIPB)
as described by Inagaki et al. (4). On the surface of micelles, silica molecules
became self assembled and the mesoporous materials could be obtained after
removal of the surfactant. In recent years, Inagaki et al. synthesized organic-
inorganic hybrid type mesoporous materials. Nanosize controlled uniform pores
(2- or 3-dimensional hexagonal structure) were formed. When the pore diameter
is larger than that of an enzyme molecule, the enzyme molecule would be
immobilized in the pore.
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Figure 2. Typical synthesis procedure and structure of mesoporous materials.
Silica molecules are self assembled on the surface of micelles and mesoporous
materials are obtained after removal of the surfactant.

To determine the effect of pH on enzyme immobization, the pH profile of
the adsorbed amount of HRP for mesosorous materials was obtained. The iso-
electric point of HRP is 6.2, so a HRP molecule has a positive net charge in a
lower pH region, and the charge density gradually decrease with increasing pH.
The adsorbed amount of HRP decreases with increasing pH, but in a high pH
region, the adsorbed amount does not change so much.

In other experiments, it was concluded that ionic characteristics and ionic
strength were important factors for enzyme immobilization. A Mesoporous
material (MCM or FSM etc.) was generally prepared with an cationic surfactant,
so the cationic substance might be specifically adsorbed in the mesoporous
material. Therefore, the large immobilized amount of enzyme (up to 200mg
enzyme/ g support) in the pH region below iso-electric point (pI) decreased with
increasing pH.

A general procedure for enzyme immobilization in mesoporous materials is
shown in Figure 3. First, the axis of an enzyme molecule and its iso-electric
point (pI) was measured. The pore diameter of a mesoporous material was
controlled at the larger size of an enzyme molecule. By gently mixing in pH
region under pl, the enzyme molecule was immobilized in the pores of the
material. Hydrogen bonds would be formed between the surface amino residues
of the enzyme and silanol residues of the mesoporous material during
immobilization, and thus the enzyme was excellently stabilized. When the pore
diameter of the mesoporous material was larger than the size of the enzyme, the
enzyme would be immobilized in the pores.
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Figure 3. Typical procedure of enzyme stabilization in mesoporous materials.

Image models of immobilized enzymes in mesoporous materials with
various pore sizes were constructed using a computer schematic model (Figure
4). When the pore diameter is much smaller than the enzyme molecular size, the
enzyme can not enter the mesopore space of material and thus is immobilized on
the outside of the particles. When the pore size greater than the enzyme
molecular size, the enzymes would be adsorbed on one side of the mesopores.
When the pore size is nearly the same as the size of the enzyme molecule, the
enzyme can be adsorbed in the mesopores and is sometimes the most stabilized.

Stabilization effect of immobilized bio-molecules
in mesoporous materials

Enzyme stabilization

To analyze the effect of the pore size on enzyme stability, HRPs in
mesoporous materials with various pore sizes were investigated (Figure 4). The
residual activities after thermal treatment with the native HRP, immobilized
HRPs and silica gel were compared. Free HRP (i.e. without immobilization) was
completely inactivated within 60 minutes at 70°C. When the pore diameter is
much smaller than the enzyme molecular size, a HRP immobilized in a meso-
porous material is inactivated by more than 50% within 60min, as in the case of
silica gel. When the pore diameter is much greater than the size of an enzyme,
the immobilized HRP activity was decreased by about 40% after 120min thermal
treatment. When the average mesopore size just matched the molecular
diameters of enzymes (6nm size), the enzyme molecules showed the best
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stability, and the immobilized HRP activity was decreased by only 20% even
after 120min thermal treatment.

Similar results were obtained in the case of MnP (manganese peroxidase).
The H,0, stability of MnP in mesoporous materials with various pore sizes was
also investigated. MnP immobilized in mesoporous materials was suspended in
the MnP assay buffer (pH 4.5) containing H,O,. The suspensions were mixed
vigorously at 37°C for 5 minutes. After centrifugation, the supernatants were
immediately subjected to MnP activity measurement. With respect to the H,O,
stability of free MnP, the optimal H,0, concentration was 0.02 mM, and its
activity was completely lost with 1 mM hydrogen peroxide. For MnP
immobilized in silica gel, the optimal H,0, concentration was 0.1 mM, and its
activity decreased steeply with concentrations of more than 0.5 mM H,0,, and it
was completely inactivated with over | mM. MnP immobilized in the pore size
controlled mesoporous materials exhibited high enzymatic activity with 0.1 mM
to 3 mM H202.

Chlorophyll stabilization

Ito et. al also immobilized the chlorophyll molecules extracted from natural
Spirulina in mesoporous materials (FSM). The chlorophyll-FSM conjugates in
water were much more photo-stable in comparison with free chlorophyll. The
photo-stabilization values of the chlorophyll conjugates with porediameters 1.6,
2.3, 2.7 and 4.0 nm were investigated. The photo-stability of chlorophyll in FSM
pores increased with the pore size (31).

When pore diameter was greater than 2.7nm, two chlorophyll molecules
yielded a chlorophyll dimer in the mesopore. The dimer structure was similar to
the native form, so the photo-stability would drastically increased between 2.4
and 2.7 nm pore diameter.

Enzyme evolution
E. coli cell-free protein synthesis system

Figure 5 shows the strategy of Molecular evolution using single-molecule
PCR-linked in vitro expression for short SIMPLEX. The pool of mutated genes
is diluted to a single molecule per well, followed by individual amplification by
SM-PCR. A mutated gene library is constructed on the plate. A portion of the
PCR product is used as a template for cell-free expression, and a mutated protein
library is thereby constructed. Subsequently, the protein library is screened under
desirable condition. If we can get positive wells, the correspondent DNA
sequences can be determined. With this system, the genotype and phenotype can
be linked according to the well number.
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Figure 5. Schematic representation of molecular evolution involving SIMPLEX.
The pool of mutated genes is diluted to a single molecule per well followed by
individual amplifications by SM-PCR. A.mutated gene library is constructed on
the plate. A portion of the PCR product is used as a template for cell-free
expression, and a mutated protein library is thereby constructed. Subsequently,
the protein library is screened under desirable conditions.

Compared with conventional colony-based screening, SIMPLEX has various
benefits because of the use of a cell-free system. Transformation and the
cultivation step are not necessary, and selection by means of enzyme assaying is
possible, so the total time required for screening is very short, i.e. only 8hrs.
Genotype, which is a SM-PCR plate can be frozen for long-term storage in a
stable state. Miss folding is a serious problem when heterologous proteins are
expressed, for example disulfide bridge or heme containing proteins. To address
this issue, we attempted to improve the cell-free expression system, i.e. cell-free
expression using chaperone containing extract was examined. GroES/EL operone
and DnaK/J and GrpE operone were highly expressed in E.coli. When beta-
glucosidase (BGL) from streptmyces was used as a template, BGL activity in
chaperone containing extract increased 16 times higher than that of untreated one.
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MnP synthesis with an E. coli cell-free protein synthesis system

MnP has five S-S bonds, Mn**, Ca®* and heme as the catalytic center. Due to
this complicated structure, insoluble inclusion bodies are formed on E. coli in
vivo expression. For preparation of the E. coli S30 extract for MnP synthesis, a
reducing agent, dithiothreitol (DTT), was omitted to maintain oxidizing
conditions for the formation of the disulfide bridges of the protein, because
functional MnP is not formed in the presence of a strong reducing agent (22).
To enhance the yield of functional MnP, reduced and oxidized glutathione (GSH
and GSSG), PDIs and some chaperones were added to the in vitro expression
mixture. GSH/GSSG was added to activate the active site of PDI. The addition
of only chaperones (DnaK/J, GroES/EL and GrpE) hardly affected the MnP
activity. When fungal PDI was present in the reaction mixture, the MnP activity
increased up to 4-fold compared with in the case of a control mixture without
PDI or chaperones, but interestingly bovine PDI had no such effect. Although
MnP activity was high when both chaperones and fungal PDI were added, it was
suggested that this was mainly an effect of the fungal PDI. Although an E.coli
disulfide-forming catalyst, DsbA might be included in the S30 extract, it dose
not seem effective in producing active MnP. It is considered that fungal PDI,
which has both isomerase and chaperone activities (26), and facilitates the
folding of denatured and reduced SH-proteins, played an important role in the
folding of MnP into the native form with the correct disulfide formation in this
cell-free system.

Design of a mutant MnP library

The three-dimensional structure of MnP isozyme 1 (PDB:1MNP) has been
well characterized by X-ray crystallography (27). We have constructed a model
of MnP isozyme 2 by means of the homology modeling method using IMNP as
the backbone for the starting structure (21). A structural model of the H,0,-
binding pocket of MnP is shown in Figure 6 (A). Amino acid residues located
near His46 and Arg42, which are conserved in H,0,-binding residues (27), were
picked as candidates for substitution for the library. Conserved amino acid
residues in various peroxidases were excluded as candidates for substitution. To
bring about a minute conformational change around the entry site of the H,O,-
binding pocket, three amino acid residues, i.e., A79, N81 and 183, were selected
for replacement with all kinds of amino acid residues (A79X,N81X and 183X).
The theoretical number of mutated MnPs with different sequences was 8,000.

Screening of the MnP library

We have thus constructed a mutant MnP library containing randomized A79,
N81 and 183 by SIMPLEX and screened more than 10* wells by measuring MnP
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activity in the presence of 1.0mM H,0,, with which the wild type exhibited no
detectable activity. Fifteen clones showed improved H,O, stability and their
whole sequences were confirmed. The clones were classified into four types of
sequences according to the amino acid substitutions. The amino acid
substitutions and the H,0, stability of the four types of clones are shown in Table
I. In the presence of 0.1 mM H,0,, the half-life of a type 1 clone was nine times
higher than that of the wild type. Also, other clones were five times more stable
than the wild type. Furthermore, even in the presence of higher concentrations of
H,0, of 0.5 and 1.0mM, all the four types of clones showed significantly higher
stability than the wild-type. These four clones have the common substitution of
I83L. In addition, A79 was changed to either E or S and N81 for S or L. Since
these three amino acid residues were converged from a large variety in the
library as a result of selection, this high-throughput screening system is likely to
work well. Fine tuning of the local arrangement in the H,O,-binding pocket
seems to be effective for improving the H,0, stability of MnP.

Table 1. Amino acid substitutions in each mutant

H20, stability*

Clone 79 g1 83 0AmM_ 05mM__ 1.0mM
Wild type A N I 10 10 10
Clone 1 E S L 90 66 39
Clone 4 S L L 7.2 6.5 44
Clone 6 s s L 53 46 32
Clone 8 E L L 70 35 18

The H,0, concentrations which gave 50% relative activity are shown.
Mutant/wild-type ratio of H,O, concentrations for % residual activity
after treatment for 60min at 37°C in the presence of ImM H,0,.

Synergetic effect of H>O, stability

A structural model of H,0, -binding pocket of a MnP molecule (A,B) , in
which H,0, was directly supported by His46 and Arg42, and an image model
of the immobilized mutant MnP in a mesoporous material (C) are shown in
Figure 6. The improved oxidative stabilities of the immobilized native
MnP(A) and the immobilized H,0, resistant MnP mutant (B) are shown in
Figure 7. The mutant MnP, as to the entry site of the H,O, binding pocket to a
stable amino acid residue, showed improved stability against H,O, compared
with native MnP (21,22). The immobilized H,O, resistant mutant MnP in a
mesoporous material showed excellent H,0, stability (more than 50-fold that
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of wild type MnP). But the stability of the immobilized wild-type MnP was
improved up to 5-fold that of wild type MnP. MnP mutant was stabilized by
protein evolution. The whole MnP molecule was immobilized in mesoporous
material. Unstable amino acids existing around the surface region would be
protected on immobilization in a suitable mesoporous material. But the
unstable amino acids facing the H,0, -binding pocket were not protected by
mesoporous materials, so protein evolution around the H,0, binding pocket
would be effective.

(A) (B) (€)
_\ 183
ATS s 7~ N8I
Heme
H:0; binding MnP molecule MnP immobilized in
pocket of MnP mesoporous material

Figure 6. Structural model of the H,O,-binding pocket (left), a MnP molecule
(middle), and an image model of the immobilized MnP in a mesoporous
material (right)
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Figure 7. Synergetic effect on H,0, stability.

The oxidative stability of the wild type enzymes (4) and mutant enzymes (B)
either non treated (straight line) or immobilized in a mesoporous material
(dotted line) is shown. Enzyme mixtures were incubated in the presence of
various concentrations of H,0, and then residual activity was measured.



72
Application to a ligneous bleaching system

We have newly designed a thermally discontinuous immobilized MnP
bleaching system as shown in Figure 8 (15), which the Mn®* generation step on
an enzyme-mesoporous material column and the bleaching step are separate. In
the first stage, the substrate solution comprising Mn>*, hydrogen peroxide, and
an organic acid (chelating agent) is introduced into an enzyme column packed
with immobilized-MnP to generate a Mn**-chelate complex. In the next stage,
the Mn**-chelate complex generated with the immobilized MnP is transferred to
a bleaching vessel containing unbleached kraft pulp. The reactivity of the Mn*'-
malonate complex depends on the temperature. When the MnP reaction and pulp
bleaching reaction are performed at 39°C and 70 °C, respectively, MnP activity is
maintained throughout the reaction and the brightness of the pulp after 9 hours is
increased by over 8 points. The MnP reaction and pulp bleaching with Mn*" are
most effective when they are performed under the optimum conditions
independently.

Treatment with MnP by means of this two-stage reactor system was repeated
in combination with alkaline extraction. The pulp brightness increased to about
85% when the enzyme treatment was repeated three times. The mesoporous
material which immobilized MnP molecules was packed into a column. The
reaction buffer containing 0.1 mM H,0, was continuously loaded onto the
column at 40 °C. Immobilized MnP activity was measured by monitoring the
generation of the Mn**-malonate complex at 270 nm. Immobilized enzyme
retained more than 80% of its initial activity even after 30 days of continuous
reaction.

Mn
radical

MnSO4
Hy0,

Malonic
ack

Effluent Bleaching Substrate
vessel solution

—>

Figure 8. Schematic diagram of the thermally discontinuous immobilized MnP
bleaching system.
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We compared the hand-sheet properties of the pulp bleached by means of
multiple treatments. The tensile properties, tearing resistance, and bursting
strength of the immobilized MnP-treated pulp were almost the same as those of
the non-treated pulp, thus deterioration as a result of Immobilized MnP treatment
was not observed. Kenaf fibers were also bleached well using the immobilized
MnP system.

Conclusions

The surface characteristics and the pore diameter of mesoporous materials
were suggested to be a critical factor for immobilization and stabilization of the
enzyme molecule. When the pore diameter of the mesoporous material was
larger than the size of the enzyme, the enzyme would be immobilized in the
pores of mesoporous materials. When the average mesopore size of mesoporous
materials was suitable to the molecular diameters of the enzyme, the
immobilized enzyme sometimes exhibits the good stability. By gently mixing in
pH region under pl, the enzyme molecule would be well immobilized in the
pores of mesoporous materials. Hydrogen bonds would be formed between the
surface amino residues of the enzyme and silanol residues of the mesoporous
material during immobilization, and thus the enzyme was excellently stabilized.

To evolve the enzymes, SIMPLEX, which comprises single-molecule PCR
followed by cell-free protein synthesis, was used. Compared with conventional
in vivo colony-based methods (28), this method is extremely rapid and efficient.
For example, neither a transformation nor a cultivation step is necessary, and
therefore replica plates, which are essential for cell-based screening for linking a
genotype with a phenotype, also are not necessary. Instead, after using a portion
of the single molecule-PCR product for protein synthesis, the remainder on a
384-well PCR plate can be frozen for long-term storage in a stable state. More
importantly, the total time required for protein expression and screening is short,
~8 h, 4 h for SMPCR, 3 h for cell-free protein synthesis, and 1 h for screening of
the protein library.

Our cell-free system involving fungal PDI will be applicable to the
screening of other heme-containing proteins. Furthermore, the system can be
widely applied for various kinds of screening of proteins with desired properties.
The inactivation pathway of MnP with excess H,0, has already been studied,
suggesting that compound III formed during heme bleaching causes irreversible
MnP inactivation (29, 30). However, our results suggest that the MnP instability
with small amounts of H,0, is closely related to the susceptibility to a
conformational change around the active site, which eventually causes
subsequent inactivation or denaturation.

We suggested that prediction of critical restricted mutations in the functional
region, using a structural model generated with a computer-driven model-
building system or an X-ray crystal structure study, is an effective method for
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changing the function of the protein efficiently. In this study, we constructed
models of MnP and predicted oxidizable and/or solvent-accessible and/or
conformationally unstable amino acid residues around the H,0,-binding pocket.
This suggested that amino acid residues around the pocket critically affected the
H,0, resistance. Moreover, fine-tuning for accommodation in the pocket of MnP
would require a random mutation process such as the directed evolution method.

We also found the effectiveness of the combination of molecular evolution
of critical residues around the functional region and the immobilization in a
suitable mesoporous material.

The immobilized evolved MnP in mesoporous material showed excellent
H,0, stability (more than 50-fold that of wild type MnP). The evolved MnP
would show a synergistic effect on immobilization, because the unstable amino
acids in the H,0, binding pocket were changed to stable ones. This new strategy
involving enzyme evolution and immobilization in mesoporous materials would
be applicable for excellent stabilization of other enzymes which have unstable
binding pockets.
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Chapter 4

Microperoxidase-11 Immobilized in a Metal Organic
Framework

Kenneth J. Balkus, Jr., Thomas J. Pisklak, and Rita Huang

Department of Chemistry and the NanoTech Institute, University of Texas
at Dallas, Richardson, TX 75083-0688

Ultra large pore molecular sieves have proven to be viable
hosts for biomolecule adsorption and separation.
Microperoxidase-11 has been immobilized for the first time in
a nano-crystalline metal organic framework (MOF).
Microperoxidase-11 was physically absorbed from solution
into the 3-dimensional [Cu(OOC-C4H,-CsH,-COO) %2
Ce¢Hi2N2J, MOF. The activity of the MOF immobilized
peroxidase for the oxidation of methylene blue and o-
methylstyrene in organic solvents was determined.

Enzymes are generally more active and show higher selectivities than
synthetic, biomimetic catalysts (/). While biocatalysts are generally more active,
enzymes have some inherent drawbacks as well. These problems include low
thermal stability, low stability in organic solvents, and difficulty in recycling
(I-4). Biocatalyst lifetime can be significantly improved by supporting the
biomolecules on polymers and metal oxides. However, the non-uniform porosity
of these support materials may limit access to the enzymes or allow leaching.
Attempts to overcome these obstacles have resulted in the immobilization of
enzymes and proteins in mesoporous materials (/-47). Mesoporous molecular
sieves, comprised of one- to three-dimensional channel systems, have well
defined pores ranging from 2-50 nm. The uniform pores of molecular sieve
materials make them excellent materials for the size selective absorption of
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various biocatalysts (/-4). Mesoporous materials can also be compositionally
tailored to provide an environment which is favorable for the adsorption of
biocatalysts, such as changing the hydrophobicity of the material or adding
surface binding sites (/-4). Mesoporous materials are often chemically and
thermally stable; these attributes provide a protective environment for the
biocatalyst after immobilization.

We first demonstrated that mesoporous molecular sieves such as MCM-41,
MCM-48, SBA-15, and DAM-1 are capable of immobilizing enzymes (37).
Subsequently, many different mesoporous hosts and enzymes have been studied
(1-47). The pore size of mesoporous silicates must be chosen which closely
match the size of the enzyme or protein which is to be immobilized (23). If the
pores are too small, the biocatalyst will not be absorbed and if the pores are too
large, the biocatalyst can leach out. To reduce leaching, the hydrophilic interiors
of mesoporous silicates have been functionalized with organic groups to enhance
hydrophobicity and help retain the biocatalyst in the pores (42-44).

In an effort to provide more hydrophobic environments for inclusion of
biocatalysts in mesoporous materials, we and others have immobilized
biocatalysts in periodic mesoporous organosilicas (PMO) (11, 45-48), such as
mesoporous benzene silica (MBS) and ethane bridged organosilica (MSE).
Even though the hydrophobicity is greater than mesoporous silicas, leaching in
PMO’s is still highly dependant upon pore size (45). Recently, Hudson and
coworkers have shown that electrostatic interactions also play an important role
in biocatalyst retention (/7). A material which exhibits all of these properties,
such as: hydrophobicity, tunable pore size, and electrostatic interaction with the
biocatalyst would provide an ideal environment for the biocatalyst and prevent
leaching. Inorganic/organic hybrid framework materials may satisfy these
requirements. Metal organic frameworks (MOF) are a family of materials which
exhibit these properties and should be excellent hosts for biocatalysts

Metal organic frameworks (MOF) comprise a relatively new class of porous
materials (49-54). The novelty of these materials arises from the ability to
selectively coordinate variable organic linkers to metals or inorganic clusters to
produce porous inorganic-organic hybrid networks. When metals are used to
connect the frameworks they contain one (55-60) or more vacant or labile sites
to which the organic linkers can attach. Typically, the organic linkers contain
functionalities such as carboxylate, amine, or pyridine groups through which
they bind to the open sites on the metal centers (49, 54, 6/-63). The metals or
inorganic clusters act as anchoring points to which the organic linkers are bound.
The organic ligands are subsequently connected in such a fashion that voids are
formed. The pores are defined by the organic linkers which can impart
properties to these materials which are not easily attained with porous metal
oxides, such as zeolites. In fact, by tailoring the length of the linkers, MOFs
have been synthesized with pore sizes and pore volumes greater than zeolites
(49, 64-67). Catalytic properties (61, 68-69) as well as luminescence (70-75),
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chirality (64, 69), adsorption (64-65, 67, 69, 74-87) and framework polarity (49,
54, 77-78, 82) can also be manipulated by varying the type of organic linker
used to form the framework. This nanoporous family of metal organic
frameworks exhibits the largest surface areas of any known materials (67, 88).
With pore sizes ranging as high 28.8 A (65) MOFs show a great potential for
adsorption of guest molecules (64-65, 67, 74-87) and inclusion chemistry (69).
Recently, Chael et al. reported the inclusion of polycyclic molecules such as Cq,
Astrazon orange R, Nile red, and Reichardt’s dye in a metal organic framework
(67). With pore sizes in the mesoporous range MOF’s should also be capable of
adsorbing small proteins and enzymes. Additionally, MOF pores are generally
hydrophobic which could result in an affinity for and promote immobilization of
proteins and enzymes. Also redox active MOF’s could be synthesized that might
operate in concert with proteins and enzymes in catalyzed reactions.

In order to test the immobilization of a biomolecule in a MOF the
proteolytic degradation product of cytochrome c, Microperoxidase-11 (MP-11)
was selected (Figure 1) (38). The shortened peptide chain (11 amino acids)
prevents denaturing of MP-11 by organic solvents (89). Figure 1 (random coil
configuration) shows that MP-11 is composed of a heme group attached to an
11 amino acid peptide chain through thioether linkages of two Cysteines (Cys 14
and Cys 17) as well as to the imidazole group from histadine which is
coordinated to the iron center as an axial ligand. The second axial position is
coordinated with a molecule of water. Although there are no crystal structures of
MP-11 available, the figure is drawn in the lowest energy configuration similar
previously performed molecular dynamics calculations for MP-11 in methanol
solution (90). MP-11’s usefulness arises from its ability to reduce hydrogen
peroxide to water while oxidizing a substrate. However, free MP-11 has the
tendency to aggregate in solution due to both intermolecular attractions and
ligation through the metal center (38). When MP-11 oligimerizes through
coordination to the metal center, the heme becomes less accessible and the
activity of the enzyme is adversely affected. Immobilization in a suitable host
material prevents aggregation and renders the heme more accessible to substrate
molecules. The small size of MP-11 relative to complete enzymes, as well as the
peroxidase activity of MP-11 makes it a suitable biocatalyst for immobilization
in materials with pore sizes around 20 A. MP-11 has been shown to degrade
organic soluble azo dyes such as Solvent Yellow, Solvent Blue 11, Solvent
Green 3, and Solvent Orange 7 (89, 9/) while entrapped in reversed micelles.
Therefore, by immobilizing MP-11 in a hydrophobic matrix such as the MOF
[Cu(OOC-C¢H,-CsHy-COO)-¥2CeH 5N, ]y, (Figure 2) the microperoxidase can be
dispersed in organic media and the hydrophobic interior of the MOF will allow
the substrate access to the active site of the microperoxidase. Synthetic dyes are
a large part of the waste stream from industrial manufacture of textiles and
various consumer products. The removal of the dyes from the environment is a
pressing concern. Although, peroxidases have been shown to degrade dyes via
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oxidation they have been limited to water soluble dyes. Many of the dyes used
are water insoluble and a method of degrading these dyes is needed.

175 A

T
1

33A

Figure 1. Structure of MP-11 calculated using Materials Studio

Recently, Kadnikova et al. immobilized microperoxidase-11 (MP-11) in sol-
gel silica glass (38) and reported that the a-helical structure is promoted by a
hydrophobic environment. MP-11 has also been immobilized on surfaces such
as gold, in hybrid polymers, and mesoporous materials (98-101).
Immobilization on surfaces and in polymers may not sufficiently sequester the
microperoxidase which would allow it to dimerize and lose activity. Also,
because MP-11 is relatively small, when immobilized in mesoporous materials
there is a high propensity for leaching. The metal organic framework [Cu(OOC-
C¢H4-C¢H,-COO0)-14CeH 5N, ], (Figure 2) is composed of 2-dimensional sheets
of copper dimers connected via biphenyl dicarboxylates. These 2-dimensional
sheets are connected together by 1,4-diazabicyclo[2.2.2]octane to form a 3-
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dimensional framework. Consequently, the interior of this MOF is composed of
phenyl rings which form a hydrophobic environment in the pores.
Immobilization of the microperoxidase MP-11 in the pores of this MOF would
provide a hydrophobic environment around the MP-11 and may promote the o-
helical structure, which would facilitate reactions in organics solvents.

1784

Figure 2. Microperoxidase-11 immobilized in the MOF calculated using
Materials Studio

MP-11 is only 17.5 x 30 A in diameter which should allow the fragment to
be physically adsorbed by porous materials with pore sizes ~18 A and larger.
The metal organic framework [Cu(OOC-C4H;-C¢Hy-COO) Y2 CeH ;N,],, shown
in Figure 2, has a theoretical pore size of 17.8 A and is suitable for the
immobilization of MP-11. Consequently, for the first time we have successfully
immobilized MP-11 in a nano-crystalline metal organic framework.

The reactivity of MOF immobilized MP-11 versus free MP-11 (dissolved)
in organic solvents have been studied. MP-11 shows no activity in non-polar
organic solvents, consequently the polar organic solvents N,N’-
dimethylformamide (DMF) and acetonitrile were used in this study (89). The
oxidation of methylene blue in DMF under various conditions as well as the
oxidation of a-methylstyrene in acetonitrile was used to evaluate the reactivity of
supported MP:11. In all cases, the immobilized MP-11 has been shown to be
more active than free MP-11 which is unusual for supported enzymes.
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Experimental

MOF synthesis

The nanocrystalline MOF [Cu(OOC-C4H;-C¢Hs-COO) %CgHypN,], was
synthesized by modifying the procedure reported by K. Seki et al (87). To form
the MOF, a layered 2-D copper(Il) dicarboxylate was first synthesized and then
pillared with 1,4 — diazabicyclo[2.2.2]octane to form a 3-D structure. To
synthesize the layered phase, 0.59 g of copper(ll) acetate (Fisher Scientific) was
dissolved in 25 mL of absolute ethanol (Aaper Alcohol and Chemical Company)
and 0.25 g of 4, 4’-biphenyldicarboxylic acid (Aldrich) was dissolved in 70 mL
N,N-dimethylformamide (EM Science) and 0.30 mL formic acid (Aldrich). The
solutions were mixed together with stirring at room temperature and transferred
to a 250 mL Teflon® reaction vessel. The synthesis mixture was heated at 50°C
for ~72 hours. The reaction was removed from the oven and allowed to cool to
room temperature. The blue product was then filtered and the blue solids were
washed with absolute ethanol. The layered precursor was dried in a vacuum
oven at 90°C overnight. This material was then pillared by placing 100 mg of
the blue powder in a 23 mL Teflon® lined autoclave along with 0.023 g of 1,4 —
Diazabicyclo[2.2.2]octane (DABCO) (Aldrich) dissolved in 5.0 mL of toluene
(Mallinckrodt). The autoclave was heated at 110°C while rotating at 30 rpm for
6 hours. The green product was then filtered and the green solids were washed
with absolute ethanol and dried in a vacuum oven at 90°C overnight. The solids
were then washed with DMF to remove any soluble impurities and the green
product was filtered and washed again with absolute ethanol and dried in a
vacuum oven at 90°C overnight.

Immobilization of MP-11

A 45 pM solution of MP-11 was prepared by dissolving 3.5 mg of MP-11
(Aldrich, 90% purity) in 100 mL of N,N-dimethylformamide (EM Science,
99.99%) or 100 mL absolute ethanol (Aaper Chemical). To immobilize the MP-
11 10 mL of this solution was added to 10 mg of the MOF which had been dried
in a vacuum oven at 90°C overnight. The mixture was stirred at RT for 3 hours.
To isclate the MOF immobilized MP-11 the mixture was centrifuged and the
supernatant was decanted. The supernatant was then filtered with a 0.2 pm
syringe filter. The uptake of MP-11 was monitored by the disappearance of the
Soret band (416 nm) in the supernatant and used to calculate loading.
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Oxidation of methylene blue

A 4.5 uM solution of methylene blue (Allied Chemical, 98%) was prepared
by dissolving 9.8 mg of methylene blue in 250 mL of N,N-dimethylformamide
(DMF), this solution was successively diluted until the desired concentration was
obtained. For the oxidation reactions, 5 mL of 4.5 uM methylene blue was
added to 10 mg MOF/MP-11 and 135 pL of 0.01 M hydrogen peroxide at room
temperature. This mixture was stirred for 24 hours under various conditions
such as in air and light, air and dark, N, and light, N, and dark, and N, and dark
with heating (40°C). Also, a control reaction in which 5.0 mL 20 uM DMF
solution of free MP-11 was reacted with 135 pL of 0.01 M hydrogen peroxide
and 2.4 uM methylene blue under the same conditions as above, was performed.
Also, a control reaction was performed with 10 mg as-synthesized MOF, 135 uL
of 0.01 M hydrogen peroxide, and 5 mL of 2.4 pM methylene blue in DMF.
The progress of the reactions were monitored by the disappearance of the visible
band at 664 nm associated with methylene blue. Turnovers are based on moles
of methylene blue converted per mole of MP-11.

Oxidation of a-methylstyrene

In a typical oxidation reaction, 3.3 mL of Clorox bleach (0.8 M NaOCIl)
was mixed with 5 mL 0.05 M Na,HPO, (pH = 11.3) and cooled to 0°C in an ice
bath. In a separate reaction vessel, 6 mL of acetonitrile (Aldrich, 99%) was
mixed with 1 mL o-methylstyrene (Aldrich). To this solution 10 mg of 10 mg
MOF/MP-11 was added with stirring and the mixture was cooled to 0°C in an
ice bath. Then the bleach solution was added to the a-methylstyrene/MOF/MP-
11 mixture and the reaction was stirred under N,. After four hours, 10 mL of
methylene chloride (Aldrich) was added and the reaction mixture was washed
twice with deionized water. The organic layer was then separated and dried over
magnesium sulfate (Aldrich). The products were analyzed by capillary GC using
a CyclodexB column (J&W Scientific) and decane as an internal standard.
Turnovers are based on moles of methylestyrene converted per mole of MP-11.

Instrumentation

The concentrations of the methylene blue oxidations were monitored using a
Shimadzu UV-1601PC UV-visible spectrophotometer. X-ray diffractograms
were obtained using Scintag XDS 2000 x-ray diffractometer with CuKa
radiation. FTIR spectra were obtained using an Avatar 360 spectrometer from
KBr pellets. Surface area and pore size was measured using Nitrogen adsorption
at 77 K on a Quantachrome Autosorb 1. All samples were out gassed at 100°C
and 10 torr prior to measurements. A seven point BET equation was used to
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calculate surface areas. Pore size distribution was calculated from the desorption
data using the DA method. The oxidation of a-methyl styrene to 1,2-epoxy-2-
phenylpropane was monitored using Hewlett Packard 5890 Series Il gas
chromatograph with a CyclodexB column. UV-Vis spectra of solid samples
were acquired with a Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer
equipped with a Labsphere PELA-1000 integrating sphere.

Results and Discussion

Immobilization of MP-11

Figure 3a shows the powder XRD pattern of the blue, layered material
which had a surface area of 462 m%g (Figure 3b). After the intercalation of
DABCO to produce the 3-dimensional [Cu(OOC-C¢H,-C¢H,-COO) Y2 CeH oN3 ],
MOF the XRD pattern (Figure 3c) of the powder was in accordance with that
reported in the literature (87). The MOF had a Langmuir surface area of 1260
m”/g (Figure 3d) and a pore size of 17.8 A. The particle size of the MOF was
determined to be 30 nm by the Scherrer equation. The MOF is insoluble in
DMF, but due to its’ small particle size is very difficult to remove from solution.
This is reflected in the UV-Vis spectra where absorption peaks are present for
aromatics (~250 nm) even after centrifugation and filtration.

The size of MP-11 (Figure 1) was calculated to be ~17.5 x 33 A using
Materials Studio and Discover Minimizer. It can be seen from Figure 2 that the
MOF’s theoretical pore size is large enough to accommodate MP-11. The
biocatalyst was adsorbed into the MOF by stirring the MOF in a solution of MP-
11. The amount adsorbed was monitored by UV-Vis spectroscopy. Figure 4a
shows the UV-Vis spectrum of the 45uM in DMF and Figure 4b is the UV-Vis
spectrum of the same solution after absorption of the MP-11 by the metal
organic framework. As can be seen in Figure 4 the MOF adsorbed ~98% of the
MP-11 from the solution. MP-11 uptake by the MOF occurred rapidly with the
maximum loading being reached in less than 45 minutes. The loading of MP-11
in the MOF was calculated to be 5.9 umol/g. The XRD pattern (not shown) of
the MOF with adsorbed MP-11 is unchanged from the as-synthesized MOF.
This is expected because absorption of the microperoxidase should not affect the
crystallinity of the MOF, but it also shows that the MOF was unaltered during
the absorption procedure. The Langmuir surface area after adsorption of MP-11
was 300 m%g, representing a 76% decrease (as-synthesized = 1260 m?/g) in
surface area.

By comparing the infrared spectrum of the MOF immobilized MP-11
(Figure Sa) to the as-synthesized MOF (Figure 5b) it can be seen that the MP-11
is present. The IR bands characteristic of MP-11 are located at 1652 cm™, 1592
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em™, 1567 cm™, and 1450 cm™ (92). The band located at 1652 cm™ is attributed
to the amide I’ stretch (peptide carbonyl). This band is present in Figure 6a
while it is not in Figure 5b, compared to the literature value of from 1642 cm™
(92) this band is shifted 10 wavenumbers. MP-11 also has bands located at 1592
and 1558 cm™ which are associated with the asymmetric stretching mode of the
carboxylates (92). While the band at 1558 cm™ appears in Figure Sa, also
shifted relative to free MP-11 (1567 cm™), the band located at 1592 cm™ is
obscured by a stretch in the same location attributed to the MOF. The stretch at
1450 cm™, due to the amide I’ stretch (92), has also been blocked by a large
band located at 1400 cm™ (asymmetric vibrations of 4,4’-biphenyldicarboxylate)
from the MOF. Also, while Figure 5b has a peak located at 3410 cm’, Figure 5a
shows a much broader peak with a shoulder at the same location. This is due N-
H stretches from the MP-11. The shifts in the 1652 and 1567 cm™' bands imply
that there is interaction between the MOF and MP-11.

(a)
Hvd
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£ (b)
— T ]
\__——_
© \j\—-————
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Wavelength (nm)

Figure 6. UV-Vis spectra of solid a) MP-11, b) MOF immobilized MP-11,
and (c) MOF immobilized MP-11 after oxidation of methylene blue

Figure 6 shows the solid state UV-Vis spectra of MP-11 (Figure 6a), MP-11
immobilized in MOF (Figure 6b), and MP-11 immobilized in MOF after the
oxidation of methylene blue (Figure 6c). The Soret band for solid MP-11 is
located at 402 nm and the B band at 530 nm. The Soret band of the immobilized
MP-11 was red shifted to 406 nm. It has been shown that the Soret bands of
porphyrins red shift when confined in zeolites due to distortions of the porphyrin
ring (102). The shifts in the Soret and p bands may arise from the MP-11



confinement in the pores of the MOF. The immobilized MP-11 after use in the
oxidation of methylene blue shows no change from the fresh catalyst.

To determine if the microperoxidase would leach out of the MOF after
immobilization, the MOF immobilized MP-11 was stirred at room temperature
for 24, 48, and 72 hours in fresh DMF (99.99%). The UV-Vis spectra of the
supernatants showed no MP-11 in solution. This indicates that the MP-11 is
tightly bound in the pores of the metal organic framework. When the same
leaching experiment was performed in a potassium phosphate buffer system the
MOF dissolved and the MP-11 was quantitatively released into solution after
~30 minutes. The MOF is not soluble in DI water, but has low stability and
reverts to the layered form with time. When the leaching experiment was
performed in DI water after 4 hrs ~90% of the immobilized MP-11 was released
into solution.

Oxidation of methylene blue

The activity of MOF immobilized MP-11 in a polar organic solvent was
evaluated by monitoring the oxidation of methylene blue (Figure 7) to the
corresponding sulfoxide (93) in N,N-dimethylformamide. The progress of the
reaction was monitored by UV-Vis spectroscopy using the absorbance band of
methylene blue located at 664 nm. Methylene blue is a photosensitizer which
when exposed to light can produce singlet oxygen (94-95). Singlet oxygen is a

2
" 8
A /O
MP-11 S=
+ —
H’C\T‘\'/C[SJ@\\N/CH’ H,C )‘1

! CIr CH
CH, H,C 3

N

H,C” “CH,
H,0, H,0
Methylene Blue Oxidation Product

Figure 7. Reaction scheme for the oxidation of methylene blue

powerful oxidant which selectively oxidizes functional groups, such as electron
rich double bonds (95), which are present in methylene blue. Due to methylene
blue’s ability to self oxidize, the activity determinations of MOF immobilized
MP-11 were carried out in the presence and absence of air and light and
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Figure 8. UV-Vis spectra of methylene blue solution a) before and b) after 3
hours of reaction catalyzed by the MOF immobilized MP-11

variations thereof, to ensure the conversions attributed to the microperoxidase
were correct. Figure 8 shows a representative UV-Vis spectrum associated with
the oxidation reaction. Figure 8a is the UV-Vis spectrum of the methylene blue
in DMF solution before the reaction. This solution was added to the MOF
containing MP-11 along with hydrogen peroxide and allowed to react at room
temperature under ambient lighting. After 3 hours the supernatant was isolated
by centrifugation and analyzed by UV-Vis spectroscopy (Figure 8b).
Approximately, 63% of the methylene blue was converted to the colorless
sulfoxide, corresponding to 35 turnovers per day with a peroxide efficiency of
87%. For the control reaction, in which free MP-11 was reacted with methylene
blue under the same conditions (in the presence of air and light) as the
encapsulated microperoxidase showed only a 6% percent conversion of the
methylene blue which is only 5 turnovers per day. Thus there was an 86%
increase in activity after immobilization of the MP-11. Figures 9a and 9b show
the turnovers versus time for the immobilized and free microperoxidase,
respectively. By monitoring the Soret band of MP-11 during the free MP-11
oxidation of methylene blue it was observed that ~20% of the MP-11 was
bleached during the reaction. A reduction in the amount of active
microperoxidase present can, in part, contribute to the loss in activity compared
with the immobilized microperoxidase. Since the immobilized microperoxidase
retains a higher activity this also shows that adsorption in the MOF provides
some protection from denaturing of the MP-11. This experiment was repeated
three times with the same catalyst, the second and third methylene blue
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Figure 9. Turnovers versus time for a) the MOF immobilized MP-11 and
b) free the free MP-11 dissolved in DMF.

oxidations showed only a slight reduction in activity (33 and 29 turnovers,
respectively) . The reaction was also performed with fresh catalyst and the
inclusion of a radical trap (hydroquinone), the activity for this reaction was 35
turnovers in a 24 hour period. Since the inclusion of a radical trap does not affect
the activity it suggests that the oxidation does not proceed primarily through a
radical mechanism. However, the oxygen atom transfer from the heme may
occur in a concerted mechanism which is not affected by the radical trap.

08

IO/hr

0.6

Free  Immob. free Free  Immob.  Free

lrr;mob. Immob.

Air, Light Air, Dark N. Dark No Tight

Figure 10. Turnovers per hour for the oxidation of methylene blue catalyzed by
Jree and immobilized MP-11 under air or N, and ambient light or dark.



91

To determine the effect of light on the conversion of methylene blue the
reaction was performed in air, under the same conditions as the previous
examples except that the reaction vessels were covered to exclude room light.
(Figure 10) The free microperoxidase in DMF showed an activity of 14
turnovers per day while that of the immobilized microperoxidase was 20
turnovers per day. The activity of the immobilized microperoxidase was 28%
greater than the free microperoxidase. While there was a decrease in the overall
activity of the immobilized MP-11 (35 vs. 20 TO/day) the activity of the
immobilized microperoxidase was still greater than that of free MP-11. The
increased number of turnovers for the free MP-11 is due to microperoxidase
concentration, unlike the air-light oxidation where the MP-11 was bleached, the
concentration of the free MP-11 did not change during the course of the air-dark
oxidation (UV-Vis spectra not shown).

Since light appears to affect the reaction, it may be possible that oxygen also
plays a role. Therefore, the methylene blue oxidations catalyzed by free and
MOF immobilized MP-11 were conducted in the absence of light and air (under
N,). Again the activities of both catalysts were lower than in the presence of
light and oxygen. However, the MOF immobilized microperoxidase still showed
a higher activity for the oxidation of methylene blue than the homogeneous
catalyst. The concentration of the free MP-11 did not change during the course
of the N,-dark oxidation (UV-Vis spectra not shown). The fact that the turnover
values for both the free and immobilized microperoxidase under N, and in the
dark are lower than in light suggests that ambient oxygen contributes to the
oxidation of methylene blue in the dark.

The oxidation of methylene blue was also carried out under N, in room light
(Figure 10). The turnovers for the free microperoxidase and the immobilized
were only 14 and 20 TO/day, respectively. However, the immobilized
microperoxidase showed a 29% higher activity than the free MP-11, which is
similar to the relative difference between free and immobilized microperoxidase
of the air-dark and N,-dark oxidations. The concentration of the free MP-11 did
not change during the course of the N,-light oxidation (UV-Vis spectra not
shown). This evidence suggests that while the presence of ambient oxygen may
increase the rate of oxidation, light may also be factor. The combination of
oxygen and light clearly results in bleaching of the free MP-11 but not the
supported MP-11.

The oxidation of methylene blue in a polar organic solvent by
microperoxidase-11 was enhanced by immobilization in the hydrophobic copper
MOF. In all instances the immobilized microperoxidase showed a greater
activity than the free microperoxidase. Additionally, the supported MP-11 was
more stable than the free MP-11. Unfortunately, the activity for methylene blue
oxidation at room temperature was marginal even for the supported MP-11.
Therefore, the oxidation of methylene blue was performed under the same
conditions as the N,-dark experiment, but with heating at 40°C. In this case, the
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free MP-11 showed a 45% increase in activity at 40°C versus RT. Similarly, the
immobilized MP-11 showed a 38% increase in activity when heated. The
greater affect of heat on the homogeneous reaction may reflect MP-11’s
propensity to oligimerize with itself (38) which would be reduced at higher
temperatures.

Since, the MOF is a porous material and has the ability to absorb various
species, control reactions were performed with the as-synthesized MOF,
hydrogen peroxide, and methylene blue in DMF under the same conditions as
the air-light oxidation discussed above. A control reaction in which methylene
blue was stirred in the presence of hydrogen peroxide, under the same conditions
as the air-light experiments, but with no MOF or MP-11 was also performed.
Both of the control reactions showed similar low percent conversions of
methylene blue (~6%) after 24 hours at room temperature, which were much
lower than the typical immobilized MP-11 percent conversions (~68%). This
shows that while some methylene blue is oxidized by the photocatalytic self
oxidation of methylene blue, the MOF by itself showed no catalytic activity.

Oxidation of a-methylstyrene

While high conversions in the degradation of the dye methylene blue can be
achieved with the MOF/MP-11 system, the rate of reaction is relatively slow.
Therefore, it was decided to evaluation the MOF supported MP-11 for olefin
epoxidation. The model substrate selected was o—methylstyrene in part because
the corresponding epoxide has a chiral center as illustrated in Figure 11.

MOF/MP-11/NaOCl
-

Figure 11. The epoxidation of a-methyistyrene

The reaction conditions were similar to those previously reported for the
oxidation of olefins by Jacobsen, et al. (96), which utilizes sodium hypochlorite
as the oxidant. Leaching experiments were performed in which the MOF
immobilized MP-11 was stirred in the organic solvent (acetonitrile) for 24 and
48 hours. No leaching of the microperoxidase was observed. Figure 12 shows
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the turnovers per hour or the oxidation of a-methylstyrene by the immobilized
as well as the free MP-11. The MOF immobilized microperoxidase is 71%
more active for the RT oxidation of a-methylstyrene than the free MP-11. This
may reflect isolation of the MP-11 in the MOF pores as well as hydrophobic
nature of the pores which promote interaction of the organic substrate and MP-
11. The primary product of the oxidation of a-methyl styrene by the MOF
supported MP-11 is the epoxide (Figure 12) with lesser amounts of 2-
phenylpropanol and 2-phenylpropanal. In contrast, the free MP-11 exhibits
very low selectivity for the epoxide.

120

100

o)

60

40

20

MOF/MP-11
Free MP-11

'O/ he

% Epoxide Selectivity

Figure 12. Turnovers per hour and percent epoxide selectivity for the free and
immobilized MP-11 during the RT oxidation of a-methylstyrene

The epoxide has a chiral center so the reactions were also evaluated for
enantioselectivity. Interestingly, the MOF immobilized microperoxidase shows
a larger enantiomeric excess (ee) of 42% ee than the free microperoxidase (36%
ee). This increase in % ee over the free MP-11 is most likely due to steric
constraints imposed on the microperoxidase and substrate by encapsulation in
the small pores of the metal organic framework. While, the enantiomeric excess
is not greater than that reported for Jacobsen’s catalyst (51% ee) (97) the
enantioselectivity is higher for the immobilized MP-11 than for the free
microperoxidase. The origin of the enantioselectivity must be related to the
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arrangement of the peptide chain. Kadnikova et al. recently reported the
asymmetric oxidation of alkyl sulfides by supported MP-11 (38). In this case the
observed enantioselectivity was explained by the conformation of the
microperoxidase which could be a random coil or a-helix. In both situations, the
heme group is equally accessible to substrate molecules leading to no change in
activity, but with loss of the a -helix conformation, chiral induction was greatly
reduced. They observed a loss in enantioselectivity with repeated cycling of the
catalyst. Therefore, MOF immobilized MP-11 catalyst was cycled to determine
the stability. The activity and epoxide selectivity was essentially unchanged
after 3 cycles, however, the enantioselectivity dropped to 28% ee. These results
suggest that after catalysis, separation and washing, the immobilized MP-11 can
change conformation in the MOF reducing enantioselectivity. While the pores of
the MOF would seem to be a tight fit, it will be interesting to see if other MOF
structures with smaller pore dimensions can retain the enantioselectivity by
further restricting movement of the peptide chain.

Conclusions

The physical immobilization of microperoxidase-11 in a copper(ll)
dicarboxylate metal organic framework has been demonstrated for the first time.
The activity of the MP-11 for the oxidation of methylene blue in DMF was
shown to be higher than that of free MP-11 under various reaction conditions.
Also, the metal organic framework immobilized MP-11 was shown to have a
greater activity and selectivity for the epoxide for the oxidation of a-methyl
styrene. The initial enantioselectivity observed for this reaction was not
significantly lower than that observed for Jacobsen’s catalyst but this is reduced
with repeated cycling of the catalyst. These results suggest that the previously
unexplored metal organic framework family of molecular sieves may be
promising supports for biomolecules.
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Proteins have been conjugated to carbon nanotubes for
applications in biosensing, biorecognition, delivery, and
functional composites. Despite the growing interest in these
carbon nanotube-protein hybrids, very little is known about
how carbon nanotubes affect the structure and function of
bound proteins. Here we provide an overview of our recent
efforts to gain a more fundamental understanding of how
proteins interact with carbon nanotubes. We also discuss
recent results from our laboratories which suggest several new
opportunities for protein-carbon nanotube conjugates to
address problems in materials science and biotechnology.

The recent emergence of nanoscale materials with precise sizes, shapes, and
surface chemistries has revolutionized the fields of materials, biomedical
imaging, diagnostics, drug delivery, and biosensing (7-4). Carbon nanotubes, in
particular, have attracted significant attention for their useful and intriguing
physicochemical properties (5). Apart from offering numerous opportunities in
materials and electronics research, carbon nanotubes hold great potential for
applications in biosensing, functional surfaces and coatings, biorecognition, and
drug delivery (6-9). A wide range of biomolecules including oligonucleotides,
proteins, peptides, and carbohydrates have been interfaced with carbon
nanotubes for realizing these applications (70-16). Herein we describe recent
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results from our labs on the interaction of proteins with carbon nanotubes and the
potential opportunities that may emerge from this approach.

Proteins have been attached to carbon nanotubes using both covalent and
noncovalent approaches (74-20). In one of the earliest studies in this area, proteins
such as streptavidin and HupR, a DNA binding protein derived from Rhodobacter
capsulatus, appeared to adsorb noncovalently on the external surface of multi-
walled carbon nanotubes (MWNTSs) to form helical structures (2/). Furthermore,
numerous proteins have been shown to adsorb noncovalently onto single-walled
carbon nanotubes (SWNTSs) (15-16,22,23). For example, Erlanger et al. developed
an antifullerene IgG antibody, which selectively recognized and adsorbed onto
SWNTs (77). Recently, cytochrome C was found to adsorb noncovalently onto a
semiconducting SWNT device that was used to detect the presence of protein
molecules with a sensitivity as high as 20 protein molecules per nanotube (75).
Wang et al. adsorbed electrochemically active catalase and xanthine oxidase onto
SWNTs deposited on gold electrodes (76). Azamian et al. (21) and Lin et al. (24)
reported strong adsorption of ferritin onto SWNTSs. In contrast, incubation of
chemical vapor deposition-produced SWNTSs with a ferritin solution had previously
been found to lead to no observable adsorption (25). These results suggest that
protein adsorption onto SWNTs is complex and depends on many factors. In
particular, protein-nanotube interactions remain poorly understood and their study
has served as the goal of much of our work in this arena.

Protein-SWNT Interactions

Despite the growing interest in preparing protein-nanotube conjugates,
relatively little is known about how the SWNT surface affects the structure and
function of adsorbed proteins. We, therefore, undertook the first in-depth
evaluation of both the structure and function of proteins adsorbed onto carbon
nanotubes. Using enzymes as highly sensitive probes of protein function, we
demonstrated that protein structure and function are strongly influenced by the
hydrophobic, nanoscale environment of an SWNT (26). The structure and
function of two unrelated enzymes, a-chymotrypsin (CT) and soybean
peroxidase (SBP), adsorbed onto SWNTs were examined using enzyme kinetic
analysis, FT-IR spectroscopy, and atomic force microscopy (AFM). Both
enzymes adsorbed strongly onto the SWNTs, presumably via hydrophobic
interactions with the SWNTSs. Most of the SBP adsorbed within the first minute
of exposure to the SWNTs (Fig. 1A), and followed a pseudo-saturation behavior
(Fig. 1B). Similar results were obtained for CT. SBP retained up to 30% of its
native activity upon adsorption, while CT retained only 1% of its native activity;
hence, considerable difference in the outcome of adsorption of the two proteins
was evident. Analysis of the secondary structure of the proteins using FT-IR
spectroscopy revealed that structural changes occur upon adsorption for both
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Figure 1. Loading of SBP on SWNTs: (4) Enzyme loading on SWNTs as a
Junction of time using a SBP solution of concentration 0.25 mg/mL . (B) Enzyme
loading as a function of amount of SBP exposed to the SWNTs. Error bars
indicate the standard deviation of triplicate measurements.

proteins. A change in the secondary structure between the soluble (e.g., native)
and adsorbed states of the enzymes, as represented by the simple sum of
magnitudes of changes in a-helix and B-sheet contents, were ca. 13% and 44%
for SBP and CT, respectively (Table I). Thus, both enzymes undergo a change in
secondary structure upon adsorption; however, substantial secondary structural
perturbation was only observed with CT.



103

Table 1. Quantitative secondary structure of SBP and CT
in the solution phase and adsorbed state

Sample % a-helix % p-sheet
Solution CT 13.6£3.5 50.0+24
SWNT-CT 315+£29 23551
Solution SBP 36.1+1.2 25125
SWNT-SBP 279+4.1 20.6+6.9

NOTE: Adapted from Karajanagi et al. (26)

Atomic force microscopy (AFM) was used to further investigate the
structural perturbation of the two adsorbed enzymes. In case of SWNT-SBP,
distinct globular SBP molecules were seen to be adsorbed on the SWNTs (Fig.
2A). Line scans revealed that the height of the globular structures ranged from 4
to 6 nm, which closely matches the molecular dimensions of SBP (6.1 x 3.5 x
4.0 nm) (27). The AFM image of SWNT-CT, however, presented a vastly
different picture with no distinct enzyme molecules seen on the SWNTSs; rather,
a layer of CT was observed. Line scans of the image revealed a highly unfolded
and aggregated CT layer with the height varying from 2 to 20 nm, values which
are far different from the molecular size of CT (5.1 x 4.0 x 4.0 nm) (28) (Fig.
2B). Thus, consistent with the activity and FT-IR results, AFM images of the
adsorbed enzymes indicated that SBP retains its native three-dimensional shape,
while CT appears to unfold on the SWNT surface. The SWNTs may, therefore,
significantly alter the structure and activity of a protein and the extent of
perturbation from native-like properties depends on the nature of the protein.

Effect of nanotube curvature on protein stability

We have discovered a novel property of SWNTs — their ability to stabilize
proteins at elevated temperatures and in organic solvents to a greater extent than
conventional flat supports (29). We observed that the half-life, 1, of SBP
adsorbed onto SWNTs at 95 °C was ca. 90 min, 10-fold higher than that of the
native enzyme (Table II). To evaluate whether the stabilization of SBP on
SWNTs was simply a result of immobilization, we adsorbed the enzyme onto flat
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Figure 2. AFM images of enzymes adsorbed onto SWNTs: (A) SBP on SWNTs
(B) CT on SWNTs. Arrows point at line sections that reveal the height above the
underlying mica surface. This figure is adapted from Karajanagi et al. (26).
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graphite flakes, which represent a chemically similar conventional
micro/macroscale surface for comparison. The deactivation constant for SBP on
SWNTs was ca. half that of SBP on graphite indicating that SBP was ca. 1.9 £

Table I1. Stability of SBP containing samples under harsh conditions

. Deactivation
Sample Conditions ;Ia,lf_l‘l,ﬁ fiz constant
min) x 10° (min’!) b
Native SBP Aqueous buffer, 95°C 9.0+ 0.8 77.3+£0.7
Graphite-SBP  Aqueous buffer, 95°C 439+ 1.6 15.8+0.6
SWNT-SBP Aqueous buffer, 95°C  87.9+5.1 79+0.5
Native-SBP Neat Methanol, room See note See note
temperature
Graphite-sBp  1\cat Methanol, room 5, , , 4 198414
temperature
SWNT-sBp  |\cat Methanol, room () 5, ;5 10.740.7
temperature

NOTE: No activity was detected for native SBP in neat methanol. This table is adapted
from Asuri et al. (29).

a: Half-life of an enzymatic preparation is based on measurements of initial reaction rates
as a function of the incubation time in a given environment.

b: The deactivation constant is defined as the first-order exponential decay constant in the
equation A/A, = exp(-kt), where A and A, are the enzymatic activities at timet=tand t =
0, respectively. The negative slope of a straight line fit through a plot of In(A/A,) vs t
gives the value of the deactivation constant.

0.2 times more stable at 95 °C on SWNTs than on graphite flakes (Table II).
Even in nearly neat methanol, SBP adsorbed onto SWNTs had 2.0 + 0.2 fold
greater 1, than that of the enzyme adsorbed onto flat supports (Table II). These
results indicate a statistically significant increase in stability in harsh
environments for SBP adsorbed onto SWNTs. Similar enhancement in
stabilization on SWNTs was observed for the unrelated protease subtilisin
Carlsberg (SC). These results suggest that proteins adsorbed onto this nanoscale
support are more stable to deactivation under the harsh conditions of high
temperature and organic solvents when compared to those attached onto
macroscale supports. A thorough investigation of this interesting result using a
combination of experiments and theoretical analysis has revealed that the
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stabilization results from the intrinsically high surface curvature of SWNTs,
which suppresses unfavorable protein-protein lateral interactions (29).

Briefly, at the same separation along the protein-substrate interface, and at
the same surface coverage, the curvature of a cylindrical support results in an
increase in the center-to-center distance between adjacent adsorbed proteins
(Fig. 3A). If unfavorable interactions between adjacent adsorbed proteins
contribute to their deactivation in harsh environments, then this increase in
separation on nanoscale supports should result in a decrease in the deactivation
rate of the proteins, and may result in increased protein stability on SWNTs
relative to flat supports. We determined the deactivation rate constants in
aqueous buffer at 95 °C and in methanol for SBP adsorbed onto SWNTs and
graphite flakes at different fractional surface coverages. Figures 3B and C reveal
a strong dependence of the enzymatic deactivation rate on surface coverage, with
identical deactivation constants on SWNTs and graphite flakes at very low
surface coverage. If unfavorable “lateral” interactions between adsorbed proteins
contribute significantly to protein deactivation, then these “lateral” interactions,
and hence the rate of enzymatic deactivation, should decrease on all supports
with decreasing surface coverage (i.e. with an increase in the average separation
between adsorbed proteins). Furthermore, if this hypothesis is valid then the
enhancement in stability on SWNTs relative to graphite flakes should disappear
at very low surface coverages. Indeed, the strong dependence of the enzymatic
deactivation rates on surface coverage and the identical deactivation constants of
SBP adsorbed onto SWNTs and graphite flakes at low surface coverage suggest
that the increased protein stability on the SWNTs is most likely due to decreased
lateral interactions on the nanoscale support relative to macroscale supports. If
the enhanced stability on SWNTs relative to graphite flakes were a result of
protein-surface interactions being different or disfavored on the curved SWNTs
relative to the flat graphite support, then the difference in the enzymatic
deactivation rates on SWNTs and graphite flakes should have persisted even at
low surface coverages (29).

Applications of carbon nanotube-protein conjugates

In addition to an improved knowledge of protein-nanotube conjugate
structure and function, we have demonstrated several applications of such
conjugates, which may impact a variety of fields ranging from tools for
nanoscale assembly to biocatalyst formulations in aqueous and nonaqueous
media.

Solubilization of SWNTs using proteins. While our previous work focused on the
ability of SWNTSs to increase protein stability, we have shown that proteins can
these solutions by a variety of complementary techniques including UV-Vis in
turn help solubilize SWNTs in water (30). A variety of proteins differing in
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Figure 3. Effect of lateral interactions on the deactivation constants of SBP
adsorbed onto different supports. (4) Schematic (drawn approximately to scale)
depicting SBP molecules adsorbed onto a “flat” support (left) and a cylindrical
support (right). Deactivation constants for SBP adsorbed onto SWNTs (circles)

and graphite flakes (triangles) as a function of surface coverage — (B) at 95 °C and
(C) in 100% methanol. In (B) and (C), error bars indicate the standard deviation
of triplicate measurements. This figure is adapted from Asuri et al. (29).
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size and structure were used to generate individual nanotube solutions by this
noncovalent functionalization procedure. Ultrasonication of an aqueous
dispersion of SWNTs in a protein solution followed by ultracentrifugation
yielded a black colored solution of SWNTs (Fig. 4A inset). We characterized
spectroscopy, Raman spectroscopy, and AFM, which confirmed dispersion in
water at the individual nanotube level. The UV-Vis absorption spectra of
dispersions of SWNTs are known to be sensitive to their aggregation state (37).
The UV-Vis spectrum for a solution of SWNTs obtained using BSA (SWNT-
BSA) exhibited sharp and well-resolved peaks (Fig. 4A), which are
characteristic of aqueous solutions containing debundled, individually dispersed
SWNTs (31,32). Visualization using atomic force microscopy revealed that most
of the SWNTs were indeed individually dispersed in solution (Fig. 4B). The
radial breathing mode Raman spectrum for soluble (i.e., individually dispersed)
SWNT-BSA obtained using a 785 nm laser excitation showed a prominent peak
at 234 cm™' and no peak at 267 cm™ (data not shown); a peak at 267 cm™ is
observed if the SWNTs are aggregated (33). Characterization using Raman
spectroscopy thus further supported our claim that proteins can be used to
individually disperse SWNTs in an aqueous solution. These results may result in
a general method to prepare aqueous solutions of SWNTs for use in self-
assembled materials and biomedical applications. Furthermore, the wide variety
of functional groups present on the adsorbed proteins may be used as orthogonal
reactive handles for the functionalization of carbon nanotubes.

Interfacial assembly of SWNT-enzyme conjugates. We have shown that SWNTSs
can be used as “nanoscale conveyors” to direct enzymes from an aqueous phase
to an aqueous-organic interface and enable interfacial biocatalysis (34). SWNTs
can be assembled at aqueous-organic interfaces with the aid of anionic, cationic,
or neutral surfactants. For example, when an aqueous dispersion of SWNTs is
contacted with an equal volume of hexane containing 2 mM Aerosol-OT(AOT),
SWNTs from the aqueous phase are transferred to the aqueous-organic interface.

We used this phenomenon to direct enzymes to an aqueous-organic interface
(Fig. 5A) and perform interfacial biotransformations. Specifically, we adsorbed
SBP onto SWNTs and assembled the SWNT-SBP conjugates at the hexane-
water interface using AOT. While aqueous-organic systems are advantageous for
biotransformations involving water-insoluble substrates (33), biphasic
biotransformations are typically limited by the poor transport of reactants from
the organic phase into the aqueous enzyme phase and the loss of enzyme activity,
possibly due to denaturation at the interface (36). The assembly of SWNT-
enzyme conjugates at the aqueous-organic interface may help overcome these
transport limitations. Furthermore, as we discussed earlier, the nanoscale
environment of SWNTs can enhance the function and stability of adsorbed
proteins relative to microscale or macroscopic supports.

The catalytic activity of the SWNT-SBP adsorbed at the interface was
measured using p-cresol, a substrate soluble in hexane, and H,0,, which is
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Figure 4. Characterization of solutions of SWNTs obtained using BSA (SWNT-
BSA). (A) UV-Vis absorption spectrum of SWNT-BSA. Inset shows a photograph
of an SWNT-BSA solution. (B) AFM micrograph of SWNT-BSA. The scale bar
represents 100 nm. Line scan shown in the box reveals that the diameter of the
SWNT is 1 nm. This figure is adapted from Karajanagi et al. (30).
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soluble only in water. SWNT-SBP was highly active at the interface with
reaction rates that were at least three orders of magnitude greater than those
observed with identical enzyme concentrations for either native SBP or SWNT-
SBP in the aqueous phase of a biphasic system in the absence of AOT, or for
native SBP in the aqueous phase in the presence of AOT. Non-nanoscale
supports, e.g., graphite flakes, did not assemble at the interface and those that did
(e.g., hydrophobic nanoporous glass beads) showed significantly lower enzyme
activity, presumably due to intraparticle diffusion limitations (Fig. SB).
Interestingly, a bell-shaped curve was observed for interfacial activity of SWNT-
SBP (measured under quiescent conditions without disturbing the interfacial
SWNT-enzyme) plotted against the amount of SWNT-SBP assembled at the
interface (Fig. 5B). At sub-monolayer coverages, the reaction rate increased
linearly with increasing SWNT-SBP interfacial coverage. For higher amounts of
SWNT-SBP at the interface, the absolute reaction rates decreased with
increasing amounts of interfacial SWNT-SBP. These results suggest that
multiple layers form at the interface for higher amounts of SWNT-SBP, which
may limit the rate of diffusion of the reactants across the interface. In addition to
enhancing the rate of interfacial biotransformations, the nanotubes also
significantly enhanced the thermostability of the interfacial SBP at 95 °C by
prolonging the half-life of SBP by 8-fold over that of native SBP under the same
conditions. Further extension of this method to direct a broader range of
enzymes at the aqueous-organic interface may result in a new form of highly
efficient interfacial biocatalysis to carry out biphasic reactions, including natural
product derivatization, polymer synthesis and degradation, and bioremediation.

Water-soluble MWNT-enzyme conjugates. We have also attached enzymes
covalently to carbon nanotubes to prepare unique water-soluble multi-walled
carbon nanotube-enzyme conjugates that possess the virtues of both soluble and
immobilized enzymes (37). Structurally and functionally different enzymes such
as SBP, SC, Candida antarctica Lipase B (CALB), proteinase K (PrK), and
tyrosinase (Tyr) were covalently attached to the MWNTSs using carbodiimide
chemistry. These conjugates were soluble in aqueous buffer, followed Michaelis-
Menten kinetics, and retained high catalytic efficiencies (values of Vpu/Kwm).
Figure 6 shows enzyme kinetic behavior and parameters for SBP covalently
attached to the MWNTs (MWNT-SBP). High loadings of enzymes on the
MWNTs were obtained and varied from ca. 150 to ca. 200 mg enzyme/ g
MWNT. All immobilized enzymes retained activities as high as ca. 40 to 60%
when compared to their solution phase activities. In addition to high loading and
activity, the immobilized enzymes were highly thermostable — up to 13-fold
higher half-life at elevated temperatures of 70°C (95 °C for SBP) over their
solution phase counterparts. What is particularly interesting is that the enzymes
covalently attached to MWNTs retain their high intrinsic activity along with their
increased thermostability while in a soluble form. The high surface area of
MWNTs led to high enzyme loadings, yet the intrinsic high length of the
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Figure 5. Interfacial assembly of SWNT-enzyme at the aqueous-organic interface.
(A) Schematic demonstrating the assembly of SWNT-enzyme at the hexane-water
interface. The photograph on the right shows SWNT-SBP assembled at the
hexane-water interface. (B) Absolute reaction rates for SBP adsorbed onto SWNTs
(circles) and hydrophobic OTS-functionalized nanoporous glass beads (squares) —
at the interface. The error bars indicate the standard deviation of triplicate
measurements. This figure is adapted from Asuri et al. (34).

MWNTs afforded facile filtration. As a result, these MWNT-conjugates were
highly reusable and retained ca. 70% of their initial activity even after being
reused more than 100 times. These conjugates thus provide a unique
combination of useful attributes, including low mass transfer resistance, high
activity and stability, and reusability in biocatalytic applications.

Carbon nanotube-enzyme conjugates in ionic liquids. SWNT-enzyme
conjugates are not only active in buffer and organic solvents but also in room
temperature ionic liquids (RTILs). RTILs are intriguing solvents, which are
recognized as ‘green’ alternatives to volatile organics (38). However, low
enzyme activity in these solvents, particularly at very low water contents, limits
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Figure 6. Effect of substrate concentration on the initial rate of oxidation of p-
cresol catalyzed by MWNT-SBP. The kinetic parameters were obtained by using
a nonlinear Michaelis-Menten fit to the data. The error bars are smaller than
the symbols shown. The numbers in the inset represent the kinetic parameters
Jor native SBP and MWNT-SBP. This figure is adapted from Asuri et al. (37).

the potential commercial use of RTILs for biotransformations. It was of interest,
therefore, to explore whether SWNT-enzyme conjugates remain active in RTILs.
We adsorbed PrK onto SWNTs (0.5 mg PrK/mg SWNTs) using a procedure
adapted frm Karajanagi et al. (26). As a proof-of-concept, we then performed the
SWNT-PIK catalyzed transesterification of N-acetyl-L-phenylalanine ethyl ester
(NAPEE) with 1-propanol in the hydrophobic ionic liquid 1-butyl,3-
methylimidazolium hexafluorophosphate (BMIM(PFs)) to yield N-acetyl-L-
phenylalanine propyl ester (NAPPE).

Specifically, PrK (1 mg/mL) in the native and adsorbed state was used to
catalyze the transesterification of 40 mM NAPEE in BMIM(PF) containing 7%
(v/v) 1-propanol. Different concentrations of water (2 and 5%, v/v) in the RTIL
were employed to assess the influence of water on the reactivity of the conjugate.
Two competing reactions occur in such a system; the hydrolysis of NAPEE to N-
acetyl-L-phenylalanine (NAPA) and the transesterification of NAPEE to
NAPPE. The reaction was allowed to proceed for 24 h at room temperature and
the products formed were detected using HPLC. For the same concentration of
enzyme in a reaction mixture containing 2% (v/v) water, ca. four-fold higher
conversion of NAPEE to its products was observed with SWNT-PrK as
compared to native PrK (Table III). A detailed investigation into this intriguing
result is warranted and is currently underway in our labs. Interestingly, when the
water content of the system was increased to 5% (v/v), the total conversion of
NAPEE achieved using native PrK increased to nearly 50% while that using
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Table II1. Proteinase K catalyzed hydrolysis and transesterifaction
of NAPEE

% Converison of NAPEE in2 % % Converison of NAPEE in 5 %

water (v/v) water (v/v)
NAPEE NAPEE NAPEE NAPEE Total
Total .
to to conversion to to conversio
NAPA  NAPPE NAPA NAPPE n
Native 7.5% 8.0+ 156+ 29.8 + 169 + 46.7+
PrK 2.9 34 6.1 0.2 0.4 0.6
SWN 398+ 30.1 + 69.9 + 58.5+ 20.8 + 792 +
T-PrK 9.6 4.8 4.8 6.0 3.0 3.0

SWNT-PiK increased to nearly 80%. This increased conversion may be due to
the higher activity of the native and immobilized enzyme, presumably because of
the higher water content of the reaction mixture. However, the presence of
higher water content in the reaction mixture also led to a higher yield of
hydrolysis, as shown in Table III. Nevertheless, these initial results indicate that
the SWNT-proteinase K conjugates are active in ionic liquids. Studies are
underway to explore the utility of SWNT-enzyme conjugates in ionic liquids in
more detail.

Future Outlook

While the extent of structural and functional perturbation of proteins on
carbon nanotubes may be protein specific, a detailed understanding of the
parameters that control protein structure and function on nanotubes is still
lacking. Control over the amount, location, orientation, and function of proteins
on carbon nanotubes will be critical in order to design optimal conjugates of
proteins and carbon nanotubes for applications in biotechnology, self-assembled
materials, and medicine. Opportunities abound in preparing multifunctional
surfaces, devices, and materials using carbon nanotube-protein conjugates that
also make use of attractive features of the nanoscale material, including high
surface areas per unit weight, electrical conductivity, and high mechanical
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strength. Substantial gains in our knowledge of protein immobilization onto
macroscale supports, including novel methods of attachment, will be important
to translate such approaches to the nanoscale. We continue to explore ways to
understand and control the molecular level interactions that govern protein
behavior on carbon nanotubes and exploit the numerous possibilities that will
surely arise by interfacing proteins with carbon nanotubes in materials and
biotechnology.
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Chapter 6

Layer-by-Layer Assembly of Enzymes on Carbon
Nanotubes

Jun Wang, Guodong Liu, and Yuehe Lin"

Pacific Northwest National Laboratory, 902 Battelle Boulevard,
. Richland, WA 99352
Corresponding author: yuehe.lin@pnl.gov

The use of layer-by-layer techniques for immobilizing several
types of enzymes, e.g., glucose oxidase, horse radish oxidases,
and choline oxidase, on carbon nanotubes (CNTs) and the
applications of these techniques for biosensing are presented.
The enzyme is immobilized on the negatively charged CNT
surface by alternatively assembling a cationic polydiallyl-
dimethyl-ammonium chloride (PDDA) layer and an enzyme
layer. The sandwich-like layer structure (PDDA/enzyme/
PDDA/CNT) formed by electrostatic assembly provides a
favorable microenvironment to retain the bioactivity of the
enzyme and to prevent enzyme molecule leakage. The
morphologies and electrocatalytic activity of the resulting
enzyme films were characterized using transmission electron
microscopy and electrochemical techniques, respectively. It
was found that these enzyme-based biosensors are very
sensitive and selective for the detection of biomolecules, e.g.,
glucose, choline.
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Enzymes are widely used for biosensor development. The effective
immobilization of enzymes on the surface of a transducer is critical for
developing a sensitive biosensor. There are already some methods, e.g., covalent
binding,(/) entrapment,(2) and electrostatic adorption,(3) that have been
developed for immobilizing enzymes on a transducer. However, covalent
binding or entrapment methods cannot avoid the loss of enzyme activity caused
by the harsh reaction process, and the active sites in the enzyme may be damaged
or blocked. Electrostatic adsorption is an effective way to retain the catalytic
activity of enzymes, but it is easy for the enzyme to de-associate off the surface
of the transducer because of weak electrostatic interaction. The layer-by-layer
(LBL) technique is a possible alternative to retain the activity of enzymes and
reduce the loss of the enzymes on the transducer.

The LBL assembly of oppositely charged species is a simple and powerful
method to construct a composite at nanoscale.(4) The LBL technique for
ultrathin film assembly via alternate adsorption of oppositely charged polyions
and proteins on variety of charged materials has been developed in recent
decades. In fact, there are many reports on using the LBL technique to
immobilize biomolecules such as enzymes on a substrate.(5-9) The LBL
technique for immobilizing enzymes shows some advantages over other
methods: besides those aforementioned, the amount of immobilized enzymes is
controllable and can be increased by increasing the layer numbers.

There are many substrates for immobilizing enzymes using LBL techniques,
such as clay nanoparticles, plysterene beads, silica, and pyrolytic graphite
electrodes. (6-9) However, there are few reports on the use of carbon nanotubes
(CNTs) as a substrate for the immobilization of enzymes via the LBL technique.
CNTs represent a new class of nanomaterials, composed of graphitic carbon with
one or several concentric tubules, and they are receiving considerable interest
because of their unique structure and mechanical and electronic properties.(/0-
12) One promising application of CNTs is to construct chemical sensors and
biosensors. Researchers have demonstrated that CNTs have a high
electrocatalytic effect, a fast electron-transfer rate, and a large specific surface
area. For example, Ivnitski and coworkers reported recently that carbon
nanotubes can efficiently promote direct electron transfer (DET) between the
active site of a glucose oxidase (GO(x)) and electrode. (713) the immobilization
of enzymes on CNTs shows some advantages: (i) the large surface area of CNTs
makes loading a large amount of enzyme possible, (ii) the excellent electronic
properties of CNTs facilitate electron transfer between the electroactive center of
the enzyme and the electrode, and (iii) because of the catalytic effect of CNTs,
the small electroactive molecules generated by the catalytic reaction of enzymes
with a substrate in solution are easy to be oxidized or reduced at low potential,
which will avoid interference from other substances, e.g., ascorbic acid.

Previously, immobilizing glucose oxidase (GOx) enzymes on CNTs was
developed by using a polymer, such as nafion, that entraps the enzyme and



119

covers the CNT in soluble polymer. And the resulting glucose sensor was found
to be very sensitive for detecting glucose.(/2) We have developed the process
for immobilizing GOx enzymes on arrayed CNTS by covalent binding.(/4) The
CNTs array was fabricated by Plasmon—enhanced chemical vapor deposition.
Recently, we used the LBL technique to immobilize some enzymes on a glassy
carbon (GC) electrode for biosensing. (/5) A glucose biosensor was fabricated
based on immobilizing GOx on the negatively charged CNT surface by
alternatively assembling a cationic polydiallyldimethylammonium chloride
(PDDA) layer and a GOx layer. The excellent electrocatalytic activity toward
H,0, of the fabricated PDDA/GOx/PDDA/CNT electrode indicated that the
polyelectrolyte-protein multilayer does not retard the electrocatalytic properties
of CNTs, enabling sensitive determination of glucose. Flow-injection
amperometric detection of glucose is carried out at -100 mV (vs Ag/AgCl) in
0.05 M phosphate buffer solution (pH 7.4) with a wide linear response range of
15 uM to 6 mM and a detection limit of 7 uM.(/6) The biosensor for
organophosphate pesticides and nerve agents was fabricated based on the self-
assembly of acetylcholinesterase (AChE) on a CNT electrode using the same
LBL approach described above. The electrocatalytic activity of CNT leads to a
greatly improved electrochemical detection of the enzymatically generated
thiocholine product, including a low oxidation overpotential (+150 mV), higher
sensitivity, and stability.(/7) The biosensor was used to measure as low as 0.4
pM paraoxon with a 6-min inhibition time under optimal conditions. A choline
biosensor was also fabricated based on an LBL assembly of a bienzyme of
choline oxidase (ChO) and horseradish peroxidase (HRP) onto a CNT/GC
electrode.(/8) The measurement of faradic responses resulting from enzymatic
reactions has been realized at low potential with a good sensitivity because of the
electrocatalytic effect of CNTs. It has been found that the biosensor based on a
bienzyme (ChO/HRP/CNT) electrode is more sensitive than the biosensor based
on one enzyme (the ChO/CNT) for choline detection.

Construction of multilayer of enzymes by LBL

The LBL technique can be used to immobilize enzymes onto CNT using a
cationic polymer, e.g. PDDA. In the work, the enzyme-modified electrode
(PDDA/[enzyme/PDDA],/MWCNT/GC) was fabricated using the LBL
approach. N is an enzyme layer number here. Figure 1 schematically illustrates
the procedure for the attachment of enzymes on CNTs through the LBL
technique. Briefly, the PDDA was firstly coated on the negative charged
MWCNT by soaking the MWCNT/GC electrode in an aqueous solution of 1
mg/ml PDDA containing 0.5 M NaCl for 20 min. Then the resulting
PDDA/MWCNT/GC electrode was rinsed with water to remove any weakly
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adsorbed polycations and dried under a nitrogen stream. The electrode was
immersed in a enzyme solution for 20 min to attach the enzyme on the GC
electrode surface. The resulting enzyme modified electrode was rinsed with
water and quickly dried in a nitrogen stream. More layers of PDDA and enzyme
can be prepared by repeating the same approach. The final layer is the PDDA
layer which is used to protect the enzyme from desorption from the surface.
However, two different enzymes, e.g., HRP and CHO, can also be sequentially
immobilized on the CNTs using this technique.(75, 17-18)

Figure 1. Schematic illustration of the procedure for the attachment of enzymes
on a carbon nanotube surface through LBL technique

Flow-injection analysis

A laboratory-built flow-injection system, which consists of a carrier, a
syringe pump (Model 1001, BAS), a sample injection valve (Valco Cheminert
VIGI C2XL, Houston, TX, USA), and a laboratory-built wall-jet based flow-
through electrochemical cell, was used for the amperometric measurement of
enzymatic reaction products.. The amperometric measurements were conducted
at different potentials. All potentials are referred to the Ag/AgCl reference. The
laboratory-built microelectrochemical cell integrates three electrodes and is
based on a wall-jet (flow-onto) design (Figure. 2A). A laser-cut Teflon gasket is
sandwiched between two acrylic blocks to form a flow-cell. The working
electrode is placed into the bottom piece and is sealed with an O-ring; an
Ag/AgCl reference electrode and a platinum wire counter electrode are placed
into the upper piece inside a groove (Figure. 2B). The solution flows onto the
working electrode surface and exits through the groove to the outlet. This cell
design allows the working electrode to be quickly installed.
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Groove, 2 mm deep

5 mm wide

Figure 2. Schematic illustration of (A) a lab-built wall-jet flow cell;
(B) bottom scheme of upper piece of wall-jet flow cell.

Results and Discussion

TEM Characteristic of multilayer of enzymes on CNTs

The sample for transmission electron microscope (TEM) experiments was
prepared by peeling (GOx-PDDA)n-CNT from the GC electrode and dispersing
it on the Cu-C grid. Figure 3 shows the TEM images of an LBL assembly of
GOx on CNT with different layers. From these images, we can see that the
thickness of CNT increases with the enzyme layers. We can see a series of
bamboo-like closed graphite shells along the tube axis because the graphitic
layers are not perfectly parallel to the tube axis, and the thickness of the PDDA-
GOx bilayer increases with the numbers of layers. Such TEM images provide
strong evidence for the formation of an LBL composite. Similar structures have
been observed on polymer multilayers on functionalized multiwalled CNTs.
There was also relatively high roughness of the protein-polyion nanostructures,
which is a general feature observed on polymers adsorbed onto flat surfaces.
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Electrochemical study of multilayer of enzymes on CNTs

The direct electrochemistry of redox protein on the electrode surface may be
used to evaluate the activity of enzymes on a CNT-modified electrode surface.
Cyclic voltammetry (CV) was used to study the direct electrochemistry of GOx,
and the recorded redox peak currents were used to monitor the assembly process
of (PDDA/GOx)n films on the CNT-modified glassy carbon electrode. We used
these (GOx-PDDA)n-CNT/GC electrodes with varying numbers of bilayers of
adsorbed protein-polyion to study the LBL process and direct electron transfer of
immobilized redox protein (GOx) (Figure. 4 [left]). From Figure. 4 (left), no
redox peaks were observed with the PDDA-CNT/GC electrode in the potential
range of interest, but a pair of well-defined and nearly symmetrical redox peaks
was obtained with the (GOx-PDDA)4-CNT/GC electrode. This suggests that the
redox peaks are resulted from the electrochemical reaction of GOx immobilized
on the surface of the PDDA-CNT/GC electrode. This favorable redox signal
(current), which is related to the amount of GOx on the electrode surface, can be
used to monitor the LBL process. The electrode was washed with pure water and
then transferred to the GOx-free phosphate buffer (pH7) after each double
adsorption cycle created a new GOx-PDDA bilayer on the CNT. Figure 4 (right)
shows the plot of cathodic current vs. enzyme layer number obtained from cyclic
voltammograms of various (GOx-PDDA) bilayer-coated CNT/GC electrodes.
The reduction peak currents of GOx grew with the numbers of GOx-PDDA
bilayers (n) until n = 4. Increasing the redox peak currents benefited from
increasing the amount of GOx on the CNT surface. The amplitude from
increasing the redox peak currents became smaller with the increasing numbers
of GOx-PDDA bilayers. The nonlinear increase in activity corresponds to the
increasing of the electron transfer distance between GOx and the graphite sheet
of CNT with an increase of the bilayer number. At n > 4, no further increase in
the peak currents was observed (not shown) which is due to the electron transfer
distance becoming too large.

Analytical performance of biosensors based on LBL assembly of enzymes
on CNTs

Flow injection amperometric measurements of glucose

Figure 5 shows the calibration curves from typical amperometric responses
of the PDDA/GOx/PDDA/CNT/GC electrode for the successive injection of
various concentrations of glucose at an applied potential of -100 mV in a flow
injection system. The signal was expressed by the area under each peak. It can
be seen that the response signal linearly increased with the increase of the
concentration of glucose (Figure 5 A) from 15 pM up to 6 mM with a
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Figure 5. (A) The calibration curve from an electrochemical response of flow-
injection of different glucose solutions on GOx/CNTs-modified GC electrodes;
concentrations range from 15 uM to 6 mM; (B) the calibration curve at low
concentration ranges from 15 uM to 120 uM. (Reproduced with permission
from reference 16)

correlation coefficient of 0.992. The high sensitivity is accompanied by a low
noise level, allowing convenient detection of micromolar concentrations.

Figure 5 B presents the calibration curve of glucose at low concentrations
ranging from 15 uM to 120 uM. We can see that the calibration curve at such a
low concentration range also displays a good linear relationship (correlation
coefficient, 0.997) between the peak area and glucose concentration. A
detection limit of 7.0 x 10° M can be estimated based on the signal-to-noise
characteristics of these data (S/N=3).

Flow injection amperometric measurements of Choline

Figure 6 compares the Amperometric response of the ChO/CNT-modified
electrode and the ChO/HRP/CNT-modified electrode in the same concentration
of choline solution. It can be seen that the magnitude of peak current for the
ChO/HRP/CNT electrode is higher than that for the ChO/CNT electrode at the
same concentration of choline. This is reasonable because HRP catalyzes the
reduction of H,0,. This suggests that direct electron transfer took place between
HRP and CNTs. Here, CNTs can also facilitate electron transfer between HRP
and the GC electrode because of their excellent electronic properties. This result
is consistent with some literature in which the CNTs were reported to promote
the electron transfer of proteins, e.g., cytochrome ¢, GOx, and catalace on
electrode surfaces.(/3) Figure 7 shows amperometric responses for the
ChO/HRP/CNT electrode to injecting a series of 0.1 M Tris buffer solutions
(pH 8) containing different concentrations of choline with a flow-injection
system. A plug of 40 pl choline solution was injected when the baseline became
stable. The measurements were performed at a potential of -0.2 V. It can be seen
from Figure 7 that the reduction current increases with the increase of the
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Figure 6. Amperometric responses of two types of enzymes modified GC
electrode for choline detection in 0.1 M Tris buffer solution containing
2.0 mM (4) and 9.0 mM (B) choline (pH 8). (Reproduced with permission
from reference 18. Copyright 2006.)
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Figure 7. Amperometric response of choline oxidization at a
ChO/HRP/CNT/GC electrode by a series of injections of different
concentrations of choline solution (from left to right: 0.05 mM, 1.1 mM, 2.4 mM,
5.0 mM, 9.4 mM, 22.4 mM, and 47 mM) in 0.1 M Tris buffer (pH 8). Inset is the
Dplot of peak current vs. choline concentration. (Reproduced with permission
from reference 18. Copyright 2006.)
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choline concentration, which indicates that the responses resulted from the
enzymatic reactions of ChO and HRP on choline. The inset is a plot of peak
current vs. choline concentration. The peak current increased linearly with the
increase of the choline concentration below 5 mM. The detection limit of this
method is estimated to be 5.0 x 10°M.

Conclusions

We have demonstrated that the LBL is an effective technique for assembling
enzymes on CNTs. Using the CNT template on the electrode surface allows for a
3D nanocomposite to form, which minimizes the inherent limitation in CNT self
assembly on flat surfaces. The resulting nanocomposite has been characterized
with TEM and electrochemical techniques. The present method can be applied to
study direct electron transfer between the redox protein and the electrode surface
and to develop enzyme-based biosensors. The concept can be extended to
assemble other biological molecules. The flow-injection analysis system has
been employed for testing the enzyme/CNT-based biosensors. It has been found
that these biosensors are very sensitive and selective. This technique provides a
simple, cost-effective way to develop an enzyme-based biosensor.
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The fabrication and enzymatic stability of two types of
sustainable biocatalytic nanofinbers — enzyme-polymer
composite nanofibers and enzyme-coated polymer nanofibers
— are reviewed in this paper. These biocatalytic nanofibers,
produced by coating enzymes on polymeric nanofibers, can
make recycling and handling of enzymatic materials easy in
bio-catalysis, bio-sensing, bio-remidiation applications. This
paper also describes a simple way of dispersing hydrophobic
biocatalytic nanofibers in aqueous solution.
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Introduction

The substrate-specificity is a great advantage of enzymatic reactions in bio-
catalysis, bio-sensor, and bio-remidation applications (/-4). Although free
enzymes can be utilized in these applications, their storages and handlings are
sometimes quite cumbersome. Moreover, these free enzymes are not easily
recyclable. From the economic point of view, the catalysts should be reused as
long as their activity is preserved. However, there is no simply way of recovering
catalyst (enzyme) after use. These difficulties can be circumvented when the
enzymes are immobilized or anchored on solid substrates. Then, the catalytically
active enzyme species can be easily separated from the liquid-phase reaction
media, and handled or reused for multiple times. Figure 1 displays pictures of
biocatalytic nanofibers being used in one reaction vial, recovered with tweezers,
and transferred to the next reaction vial. The biocatalytic nanofibers can be
deposited directly on device surfaces and used as a component that react with
analytes and generates sensing signals. Non-woven mats of biocatalytic
nanofibers can also be used as a membrane reactor in bio-remediation
applications. However, all these potential advantages would not be realized if the
immbolilized enzymes significantly lose their activity over time due to
denaturation. So, the enzyme stability is a very important issue. In this review,
we will discuss the prepration and modification of electrospun nanofibers as well
as the enzyme immobilization and stabilization.

Fabrication of Polymer Nanofibers

In heterogeneous enzymatic systems, the solid support material should meet
several important requirements. First, it should have a large surface area to
maximize the enzyme loading. Second, it should have a distribution of pores or
open spaces in the material to achieve the high mass-transfer rate of substrates to
the active site of an enzyme. Third, it should be durable and easily recoverable
by a simple physical method. Finally, it should have the right functional groups
at the surface suitable for covalent attachment of enzymes. Polymeric nanofibers
can meet all these requirements. In addition, the choice of polymeric materials is
quite diverse, so that the material properties as well as surface chemistry can be
varied easly.

Polymer nanofibers can easily be fabricated via an electro-spinning process
as shown in Figure 2. In the electro-spinning process, a polymer solution is
charged in a syringe with a metallic needle or a pulled glass pipette with a fine
tip which is located from a certain distance from a grounded collector. Then a
high voltage bias is applied to the needle or the solution in the glass pipette. As
the electrostatic repulsion force of the eletric charge at the solution surface of the
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Figure 1. A series of photographs showing a non-woven nanofiber bundle being
used in one reaction vial (a, b), recovered with tweezers (c,d), and transferred
to another reaction vial (e, f).

Infusion Syringe with Collector
Syringe polymer solution
Pump

High Voltage
Supply

Figure 2. Schematic view of electro-spinning process. Inset shows a scanning
electron microscopy (SEM) image of electro-spun polymer nanofibers.
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tip becomes larger than the surface tension force of the solution, then a jet of
polymer solution is ejected. The solvent in the jet evaporates fast and the dissolved
polymers are collapsed into continuous fibers. This electrospinning process has
been widely used for fabrication of various polymer nanofibers. The polymer
concentration, solvent vapor pressure, bias voltage, collector location, etc. can be
controlled to change the diamer and surface texture of nanofibers (5-7).

For the enzyme immobilization and bio-catalytic applications, the polymer
nanofibers should be insoluble in aqueous solution and mechanically flexible.
They should also have the functional groups to which enzymes can be anchored.
For these reasons, we chose a mixture of polystyrene and poly(styrene-co-maleic
anhydride) [PS-PSMA]. Figure 3 shows SEM images of PS-PSMA nanofibers
produced by electrospinning from a toluene solution. The surface morphology of
the nanofibers can vary depending on the solvent property and the humidity of
the environment (8, 9).

Figure 4 compares the infrared spectrum of PS-PSMA nanofibers with that
of PS nanofibers. The IR spectrum of the PS nanofiber clearly shows the
characteristic bands of polystyrene: C-H stretch of the aromatic ring in the 3000
~ 3100 cm’, aromatic C-H deformation of the aromatic ring at 1450 and 1490
cm”', C=C stretch in the aromatic ring at 1605cm™, and aromatic overtones in the
range 1700 ~ 2000 cm™. The IR spectrum of the PS+PSMA fiber exhibits two
additional peaks from the anhydride group: asymmetric C=O stretch at 1860 cm’
! and symmetric C=0 stretch at 1780 cm™. The maleic anhydride group can react
with the free amine group at the enzyme surface and form a covalent bond.

Enzyme-Polymer Composite Nanofibers

The enzyme-polymer composite nanofibers can be fabricated by
electrospinning a enzyme-containing polymer solution (/7). Since the PS and
PSMA dissolve only in organic solvents, the enzyme should be solubilized in
organic solvents by using surfactants (Figure 5). In this study, o-chymotrypsin
(CT) is used as a test enzyme. Using dioctyl sulfosuccinate (AOT) as a
surfactant, CT, can be dissolved in toluene into which PS-PSMA is dissolved
(12). The CT encapsulated in PS are known to be stable (/3-17).

The activity of the CT embedded in the PS-PSMA nanofiber is measured by
monitoring the 410 nm absorbance of p-nitroaniline which is the product from
the CT digestion of N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide (TP). Table 1
summarizes the activity data of the CT-embeded PS-PSMA nanofibers and CT-
PS-PSMA composite films prepared by the flash solvent evaporation method. As
expected, the activity of the nanofiber is much higher than that of the film. The
CT activity of the enzyme-polymer composites can be increased by a simple
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Figure 3. SEM images of PS-PSMA nanofibers produced by electrospinning of
a toluene solution of PS-PSMA. (Reproduced with permission from reference
10. Copyright 2005 Instititute of Physics Publishing.)
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Fgiure 4. Infrared spectra of PS and PS-PSMA nanofibers. The maleic
anhydride symmetric and asymmetric vibration peaks are maked with arrows.
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Figure 5. (a) Electrospinning of enzyme-polymer composite nanofibers and
(b, ¢) SEM images of electrospun enzyme-polymer composite nanofibers.
(Reproduced with permission from reference 11. Copyright 2005
The Royal Society of Chemistry.)

Table 1. Enzymatic activity of CT-PS-PSMA composite nanofibers

and films
Sample Activity
Initially loaded with 1.3% CT nM/min per mg of composite in 1
mL
Nanofibers 80
Nanofibes with GA treatment 229
Films 12
Films with GA treatment 49
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treatment of the composite with glutaraldehyde (GA) before capping of the
unreacted maleic anhydride group and rigorous washing. The GA treatment
cross-links enzymes, which enhances the retention of the loaded enzymes. After
the GA treatment, the CT activity of the enzyme-polymer composites is incresed
by 3 ~ 4 times. These results indicate that a significant portion of enzymes
embedded in the PS-PSMA polymer are not chemically attached to the polymer.
The GA treatment before rigorous washing can cross-link these enzymes to the
strongly bound enzymes.
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Figure 6. Stability of CT-loaded composite nanofibers treated with and wihtout
GA under 250 rpm shaking conditions in phosphate buffer. The deactivation of
free CT under the same reaction conditions is also shown for comparison.
(Reproduced with permission from reference 11. Copyright 2005
The Royal Society of Chemistry.)

In addition to the activity, the stability of the immobilized enzyme is very
important. If the immobilized enzymes lose their activity over time significantly,
there is no reason that the enzyme-immobilized solid materials should be
recycled or no reliable bio-sensing or bio-remediation performance expected over
a long period of time. Figure 6 compares the stability (enzyme activity as a
function of time) of CT loaded biocatalytic nanofibers over 7 days as well as free
CT. The samples were kept in buffer solution with continuous shaking at 250
rpm. In this condition, the free CT activity decreases fast due to autolysis (half-
life of 5 hours). However, the CT immobilized in the composite keeps its activity
for much longer period of time. Without the GA tratment, the apparent half-life
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of the CT loaded biocatalytic nanofiber is about 2 days. This might be due to
gradual leaching of the loaded enzyme over time. In the GA-treated baiocatalyst
nanofibers, there is no activity decrease observed over 7 days.

Enzymes-Coated Polymer Nanofibers

As in heterogeneous catalytic reactions, only the enzymes exposed at the
surface of the support material will be available for bio-catalytic reactions. In
the enzyme-polymer composite nanofiber system, the enzyms embeded in the
nanofiber may not be utilized effecitively in the reaction. This situation can be
avoided if the enzymes are coated on the nanofiber surface, rather than
embedded in the nanofiber. The enzyme coating on the polymr nanofiber can be
attained through chemical reactions between the functional groups at the
enzyme and the nanofiber surface (18).
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Figure 7. Schematic representation of enzyme-coating on the surface of polymer
nanofibers. (Reproduced with permission from reference 10. Copyright 2005
Institute of Physics Publishing.)
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In the CT and PS-PSMA system, this reaction is the amide bond formation
between the free amine group at the CT enzyme and the maleic anhydride group
exposed at the PS-PSMA nanofiber (Figure 7). This reaction can produce a
monolayer of CT on the PS-PSMA surface. The surface coverge of CT will be
determined by the concentration of the maleic anhydride group available at the
PS-PSMA surface. We call this system CA-CT hereafter. As in the case of the
enzyme-polymer composite nanofibers, one can utilize the GA tratment to
cross-link enzymes from the solution onto the chemically-anchored CT at the
polymer surface, forming enzyme multilayers. In this way, the total enzyme
loading per unit mass of nanofiber support can be increased significantly. We
call this system EC-CT hereafter.

The surface morphology of the CA-CT nanofiber is very close to the bare
PS-PSMA nanofiber within the resolution of typical SEM. This is expected
since the size of CT is only a few nanometers (Figure 8a). In the case of the EC-
CT nanofibers, the surface morphology varies depending on position (Figures
8b,c,d). The desposition of multilayers of CT seems to mask the original texture
of the polymer nanofibers. The degree of the surface morphology change is
expected to be a function of the thickness of the multilayer coating formed by
cross-linking of excess CT molecules on CA-CT.

T ——

Figure 8. SEM images of (a) CA-CT nanofiber and (b,c,d) EC-CT nanofibers.
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The apparent activities of the CA-Ct and EC-CT biocatalytic fibers loaded
enzyme are compared in Table 2 for two different thicknesses of PS-PSMA
fiber diameter. For the same type of fibers (CA-CT or EC-CT) the nanofibers
gives a slighlty higher activity per unit mass of the fiber than the corresponding
microfibers due to a higher surface area which provides a higher enzyme
loading. The enzymatic activity of EC-CT is increased by 8 ~ 9 times higher
than that of CA-CT. These results demonstrate that the significant enhancement
of the bio-catalytic nanofibers can be accomplished by multilayer coatings of
enzymes through the GA treatment.

Table 2. Activity of CA-CT and EC-CT on PS-PSMA nanofibers (<1 pm)
and microfibers (>1 pm).

Sample description mM?r:it:la;;c:]ggbers
CA-CT on PS+PSMA nanofibers 0.10
CA-CT on PS+PSMA microfibers 0.08
EC-CT on PS+PSMA nanofibers 0.87
EC-CT on PS+PSMA microfibers 0.63

10° L,_ -y g8 -8
EC-CT
§ 100 e,
8 102 1 ’ CA-CT
s 103 A\
o 104 - ® Free CT
10° — e

0 2 4 6 8 10
Time (days)

Figure 9. Stability of CA-CT and EC-CT nanofibers under 250 rpm shaking
conditions in phosphate buffer. The deactivation of free CT under the same
reaction conditions is also shown for comparison.
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In addition to the improved activity, the EC-CT system shows a superior
performance over the CA-CT system from the stability point of view (Figure 9).
The EC-CT PS-PSMA nanofiber shows no loss of the CT activity for more than
one month. The half-life of the CT activity could not be calculated due to the
insufficient loss of activity over this period of time. This dramatic stabilization
of EC-CT can be explained by no leaching of the immobilized CT and the good
stability of crosslinked enzyme aggregates (CLEAs) themselves (/9). In
addition to preventing leaching of the enzyme molecules, the inter and
intramolecular covalent cross-linking of the three dimensional protein structure
is known to impart enhanced stability to the protein against thermal and organic
solvent denaturation. It is also noteworthy that enzyme aggregation prevents the
autolysis of CT molecules.

Dispersion of Hydrophobic Nanofibers in Aqueous Solution

In order to maximize the enzymatic activity, it is very important to disperse
the enzyme-loaded supporting materials in the reaction media. We have devised
a simple method for dispersion of PS-PSMA nanofibers in water without using
conventional surfactant molecules (20). First, the electrospun nanofiber mat is
dispersed fully in the aqueous alcohol solution (20% by volume). The nanofibers
are then thoroughly washed without drying using a copious amount of distilled
water until alcohol is completely removed from the solution phase. Figure 10

Figure 10. Pictures of as-spun and alcohol-treated PS-PSMA nanofiber bundles
immersed in water.
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compares the as-spun and alcohol-treated PS-PSMA nanofibers immersed in
water. Due to the hydrophobicity of polystyrene, the as-spun PS-PSMA
nanofibers form a tightly aggregated clump in aqueous solution. Even though the
density of polystyrene (1.05 g/cm3) is higher than water, the nanofiber
aggregates float on the water. This might indicate that the nanofiber aggregate
contains tiny air bubbles inside. In contrast, the PS-PSMA nanofiber mat pre-
treated with the alcohol solution is fully expanded in water, indicating that the
nanofibers are well dispersed. Moreover, the nanofibers sink in the water, as
expected from the density of the polymer. Even after further rinsing with water
for several days, the alcohol pre-treated PS-PSMA nanofibers remain fully
dispersed in water. The expanded nanofiber mat does not break into pieces even
after vigorous shaking since the nanofibers are physically entangled.

The alcohol solution pre-treatment does not alter the physical and chemical
feature of the PS-PSMA nanofibers. Since short chain alcohols such as ethanol
and propanol do not dissolve polystyrene, the diameter of the nanofibers does
not change after the alcohol treatment. The maleic anhydride functional group of
the PS-PSMA nanofiber remains intact (not hydrolyzed) throughout these
pretreatment processes and still available for enzyme immobilization. As shown
in Figure 11, the reaction of the maleic anhydride group of the dispersed PS-
PSMA nanofiber with n-propyl amine in phosphate buffer shows the decrease of
the maleic anhydride peak at 1780 and 1860 cm™ and the growth of the amide
bond peak at 1557 and 1642 cm™.

The enzyme immobilization to the PS-PSMA nanofibers and the reactivity
of the enzyme-loaded nanofibers are tested with lipase (LP). The LP
immobilization (CA-LP) can also accomplished by direct reaction between the
free amine at the enzyme surface and the maleic anhydride group at the
nanofiber surface. The total loading of the LP enzyme is significantly increased
by the dispersion of the PS-PSMA nanofibers. The amount of the immobilized
LP is 5.4 + 2.2 pg per mg of nanofiber for the as-spun PS-PSMA system while
424 *+ 18.5 mg per mg of nanofiber for the alcohol pre-treated PS-PSMA
system. The increase of a factor of ~8 in the loading is attributed to the increase
of the nanofiber surface area available for enzyme loading upon dispersion.

The CA-LP activity is obtained from the kinetic study of 4-nitrophenyl
butyrate hydrolysis reaction in phosphate buffer (pH 6.5) at 35 °C. As shown in
Table 3, the maximum activity, V., of CA-LP on the as-spun PS-PSMA
nanofibers is 0.217 + 0.049 U/mg nanofiber, while that of CA-LP on the
dispersed PS-PSMA nanofibers is 1.51 + 0.28 U/mg nanofiber. The difference in
Vmax is consistent with the total amount of the CA-LP per unit mass of the
nanofibers. So, the specific enzyme activity of CA-LP is the same for both cases,
regardless of the nanofiber dispersion. It is interesting to note that the Michaelis
constant, K, is slightly lower for CA-LP on the as-spun hydrophobic nanofibers
than for CA-LP on the alcohol-treated dispersed nanofibers, although the
difference is not significantly larger than the experimental error range. This
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Figure 11. Infrared spectra of PS-PSMA nanofibers after various treatments.
(a) as-spun nanofibers, (b) nanofibes washed with phosphate buffer,
(¢) nanofibers pre-treated with alcohol solution, and (d) nanofibers
after alcohol pretrements and reaction with n-propylamine.

Table 3. Michaelis-Menten kinetic parameters for free lipase in
solution (pH=6.5) and lipase immobilized on as-spun and dispersed
(alcohol-treated) PS-PSMA nanofibers.

Sample K e
p (mM) (U/mg nanofiber)
Free LP 0.38+0.11 -
CA-LP on 0.34 £ 0.09 0.22+0.05
as-spun nanofiber
CA-LP on
dispersed nanofiber 048+0.12 L1028
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might be caused by the preferential segregation of the hydrophobic substrate to
the hydrophobic nanofiber surfaces in water or due to a different agitation
behaviour for aggregated and dispersed nanofibers under the shaking condition.

Use of Hydrophilic Polymer Nanofibers

Nanofibers of hydrophilic polymers can also be utilized as a solid support.
The hydrophilic nanofibers will be dispersed very well without any surface
modification. However, the polymer chains should be cross-linked to prevent the
dissolution of hydrophilic polymers in aqueous solution. This can be done after
the fibers are spun or during the electrospinning process (27,22). In these
processes, the degree of polymer cross-linking is not well controlled. If the
croslinking is not complete, there is a chance to loose immobilized enymes
through dissolution of non-cross-linked polymer chains in aqueous solution.

Conclusion

Electrospun polymer nanofibers are successfully used as a solid support
material for enzyme immobilization. The large surface area of electrospun
nanofibers allows high enzyme loadings and high apparent enzymatic activities.
The sustainability of the enzymatic activity of biocatalytic nanofibers can be
achieved by crosslinking enzyme molecules that prevents irreversible enzyme
denaturation. Hydrophobic polymer nanofibers can be well dispersed in aqueous
solution by a simple pre-treatment with aqueous alcohol solutions, which further
improves enzyme loading and activity. With the improvement of enzyme
loading, activity, and stability, the biocatalytic nanofibers will make efficient
biocatalytic systems for bioconversion, bioremediation and biosensing. In
addition, the easy control of polymer nanofiber structures can open up a new
potential for more versatile and efficient use of biocatalytic nanofibers in various
applications including drug delivery and tissue engineering.
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Chapter 8

Reactivity and Characterization of Bioengineered
Metal Oxide Nanoparticles

Hazel-Ann Hosein, Sudeep Debnath, Gang Liu,
and Daniel R. Strongin

Department of Chemistry, Temple University, Philadelphia, PA 19122

Nanoscale materials could potentially form the basis of a new
generation of environmental remediation technologies that
provide solutions to some of the challenging environmental
cleanup problems. In this study, we report on the preparation
of a series of supported iron and cobalt oxyhydroxide
nanoparticle model surfaces and also investigated their
reactivities toward a SO,/O, mixture. Horse spleen ferritin
was used to prepare 3 nm and 5 nm supported ferrihydrite
nanoparticles and a ferritin like protein from Listeria innocua
was used to prepare 3-4 nm cobalt oxide nanoparticles.
Atomic Force Microscopy (AFM) was used to characterize the
particles. Attenuated total reflection-Fourier Transform Infra-
red spectroscopy (ATR-FTIR) was used to study the in-situ
oxidation of SO, on the nanoparticles.
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INTRODUCTION

Metallic and metal oxide nanoparticles often have optical, magnetic,
chemical and electronic properties that are very different from those of their bulk
counterparts. This potential of nanoparticles for exhibiting unique chemical and
physical properties, for example, has been a driving force for the many studies in
the area of heterogeneous catalysis."'® In contrast, fewer studies have dealt with
the influence on particle size on the adsorption of pollutants in the gaseous
phase.  Atmospheric chemists, geochemists and environmentalists are all
concerned about the reactions taking place on the surfaces of nanoparticles
present in the atmosphere and in our ecosystems, since fundamental studies of
these reactions can aid in the understanding of the mechanisms that lead to the
problems of pollution."" The reactions of sulfur oxides with particulates in the
atmosphere for example, are of chief concern, and this is primarily because
sulfur oxides are known precursors to sulfuric acid, a major contributor to acid
rain formation.'> SO, is the principal component of sulfur-containing emissions
in urban environments and is released in mass quantities into the atmosphere
mainly from electric utilities, petroleum refineries, cement manufacturing and
metal processing facilities. The health and environmental effects of SO, are
widespread and range from respiratory effects to visibility impairments in
humans to aesthetic damage to buildings and changes in plant and animal
ecosystems. "

The adsorption of sulfur dioxide on different metal oxides (MgO, Al,O;,
Ce0,, Zr0,, TiO,, Ca0, Cu0)'*® as well as on oxidized metal surfaces® has
been studied extensively by a host of researchers using a variety of experimental
techniques and varying reaction conditions. Early work was aimed principally at
studying the removal of sulfur oxides from flue gases produced from combustion
of fossil fuels and other industrial processes that treat sulfur-containing
compounds, since the presence of these sulfur oxides in the atmosphere posed a
severe air pollution problem.””” A significant portion of these early studies was
carried out primarily to determine the efficacy of the metal oxides as sorbents for
SO,. However, research in this area has expanded to include atmospheric
studies on the reactions of sulfur dioxide with mineral dust’>*? and a host of
catalytic studies, which look at the poisoning of catalysts by SO,.*

The adsorption and oxidation of SO, specifically on iron oxides at room
temperature has received limited recent attention and few fundamental studies
have concentrated on this area. A kinetic and conductivity study carried out by
Kim et al*® looked at the mechanism of SO, oxidation on a-Fe,O; at elevated
temperatures but provided little information regarding the nature of the adsorbed
species or the oxidation products of the reaction. In another study, researchers
looked at the capacity of ferric oxide particles to oxidize SO, in air at room
temperature and postulated a mechanism where O, was required for the
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conversion of SO, to SOs, and also where sulfate was thought to be the final
product3* It has also been reported that SO, can be oxidized by O, on
semiconductor surfaces such as o~FeOOH and o-Fe,0; in the atmosphere.”'36
These semiconductor surfaces act as photocatalysts and readily oxidize SO, to
SO4” in the presence of water.

The present study investigates the chemistry of a SO,/O, mixture on iron
oxide nanoparticles as a function of particle size. The objective was to shed
light on whether particle size affected the resulting chemistry. The protein,
ferritin, was used to assemble ferrihydrite nanoparticles of two different sizes; 2-
3+ 05 nm and 5-6 + 0.5 nm. In addition, cobalt oxide nanoparticles of
approximately 2-3 + 0.5 nm, assembled inside Listeria innocua ferritin like
protein (LFLP), were investigated in this study.””® The inorganic core (i.e., the
iron and cobalt oxyhydroxide) was removed from the protein in an oxidizing
environment and subsequently investigated in a mixture of SO, and O, with
ATR-FTIR. We also show results in this contribution for the preparation of
supported Mn(O)OH particles assembled by ferritin, but in this circumstance we
did not investigate the reactivity of these particles toward SO,/O,,

METHODS FOR PREPARATION AND PARTICLE
CHARACTERIZATION

Demineralization of Horse Spleen Ferritin

Ferritin is a protein that mineralizes and stores iron within its protein cage as
a ferrihydrite nanoparticle. The protein cage consists of 24 subunits with an
internal diameter of 8 nm and an outer diameter of 12 nm. The reactions to form
the mineral particle include the oxidation of Fe** and its subsequent hydrolytic
polymerization to form ferrihydrite. The Fe** rapidly forms a small mineral core
within the protein shell, and this particle surface will itself catalyze the oxidation
Of FCZ+'37-39

In the present study horse-spleen ferritin (Sigma Chemicals) was
demineralized in a buffered solution with thioglycolic acid (TGA), which
reduces Fe** to Fe?* thereby making the mineral dissolve, and then removing the
resulting aqueous iron through dialysis. The diluted protein solution in a dialysis
bag was placed in a deoxygenated sodium acetate solution (pH 4.5), and aliquots
of TGA were added and left for 2-3 hours in a deoxygenated environment. The
solution was changed and the above steps were repeated until the protein
solution was colorless. The solution was then dialyzed in sodium chloride
solution and then in MES buffer pH 6.5. This protein solution contained the iron
free apoferritin, that was then remineralized*”>’ to form the iron and manganese
oxyhydroxide particles.
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Preparation of Fe-loaded Horse Spleen Ferritin

The remineralization of apoferrtin was carried out using a deoxygenated
ferrous ammonium sulfate (FAS) solution. Aliquots of the solution were added
at regular intervals to the apoferritin solution in a MES buffer solution (pH 6.5)
and stirred continuously in air. The volume of the FAS solution to be added was
calculated to obtain the proper protein to ferrous ratio.*”*®

Preparation of Mn-loaded Horse Spleen Ferritin

The remineralization of the manganese-loaded ferritin was similar to the Fe-
loading procedure, except that the chemistry was carried out at pH 8.9. The
solution used for Mn-loading (made from manganese chloride) was kept
deoxygenated and aliquots of this solution were added to buffered apoferritin
solution and stirred continuously in air*’*®  The final solution after
mineralization was dialyzed and kept in bis-tris buffer at pH 8.5. Each ferritin
cage was loaded with approximately 1500 Mn atoms.

Reconstitution of cobalt bearing Listeria ferritin like protein

The cobalt oxide bearing Listeria ferritin-like protein samples were prepared
by others®(see acknowledgement). Unlike the horse spleen ferritin, Listeria
ferritin-like protein is a small cage made of 12 subunits, with an inner diameter
of 5 nm and an outer diameter of approximately 8.5 nm. Two cobalt oxide
phases, Co(O)OH and Co;0, could be constituted into the Listeria ferritin. In
our study, we investigated the oxidation of SO, adsorbed on Co;0,. For details
about the preparation of cobalt oxide bearing Listeria ferritin, refer to article 39.

AFM of nanoparticles

AFM was used to characterize the size of the inorganic core of the ferritin
after removal of the protein shell. Individual solutions of the iron, cobalt, and
manganese-loaded ferritin were dialyzed in deionized water to completely
remove any buffer salts from the solution’”® Samples used for AFM
characterization were prepared by spreading individual iron, cobalt, or
manganese diluted ferritin solution on either a ZnSe (for Fe-bearing ferritin) or
silicon wafer surface (for Co and Mn-bearing ferritin) and then ozone treating
the sample at 373 K to oxidize and remove the protein shell, as described
elsewhere®”*. (The ZnSe surface was the same lens material used in the ATR-
FTIR experiment detailed below). Figure 1 exhibits AFM images of particles
resulting from 500 and 2000-Fe atom loaded ferritin. Analysis of the z-
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dimension of the protein-free particles showed sizes in the 3-4 + 0.5 nm and 6-7
+ 0.5 nm range for the 500- and 2000-Fe loaded particles, respectively. Figure
2 exhibits images of the Co and Mn-bearing nanoparticles that exhibit sizes of 3
* 0.5 and 6-7 + 0.5 nm, respectively. Lateral dimensions were significantly
larger, presumably due to tip convolution effects.

Figure 1. AFM images of (a) 500 loaded Ferrihydrite particles and (b) 2000
loaded ferrihydrite particles deposited on a ZnSe ATR-FTIR crystal.

ATR-FTIR OF NANOPARTICLES WITH A S0,/0,
MIXTURE

ATR-FTIR spectra were recorded using a Nicolet Magna 560 IR
spectrometer. A 45 ° horizontal ZnSe ATR crystal was used for all experiments.
The samples were prepared by drying ferritin directly on the lens and then
exposing the sample to reactive ozone to remove the protein shell. All spectra are
referenced to a spectrum obtained immediately after exposing the sample to the
SO,/0, mixture (total pressure of 1 atm, approximately a 1:1 ratio of SO, and
O,). The total time of exposure was 24 h and all the data was obtained in situ.

ATR-FTIR spectra of the products formed following adsorption of SO,
onto 6-7 nm sized ferrihydrite particles in the presence of molecular oxygen are
shown in Figure 3a. The spectrum is dominated by an intense absorption in the
region between 1250-1000 cm™ with maximum spectral intensity centered about
1095 cm™. The spectrum taken after 24 h of reaction time shows most clearly
the evolution of smaller bands appearing as shoulders at 910, 1030, and 1215
cm’ that we attribute to HSO,, bands at 984 and 1095 that are assigned to
SO.%, 4“2 and smaller peaks at 870, 890 and 965 cm™ that are attributed to
the presence of SO;>.%
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Figure 3b shows ATR-FTIR spectra of the products formed following
adsorption of SO, onto 3-4 nm sized ferrihydrite particles in the presence of
molecular oxygen. The disappearing peaks at 1340 and 1145 cm™ can be ascribed
to vibrational modes of physically adsorbed SO,, that are converted to chemisorbed
sulfur oxyanion species over time.” These spectra are complicated and it is
difficult to conclusively make assignments of the peaks, but we attribute bands
appearing at 1218, 1100, 1004, and 938cm™' to SO,” (and perhaps HSO,),** and
bands at 868, 892 and 982 cm™ primarily to SO,”.*

Figure 3c exhibits a spectrum associated with the reaction of 3-4 nm cobalt
oxide (Co3;0,) nanoparticles with SO, in the presence of molecular oxygen,
which is similar to that of 3-4 nm ferrihydrite nanoparticles with SO, and O,.
Based on the experimental data, there is a mixture of sulfato and sulfite species
with the 1113, 1071, 1025 and 1006 cm™ peaks being assigned to a sulfate
species*®® and the 964, 908 and 872 cm™ peaks being assigned to a sulfite
species.”” The negative features at 1145 cm™ are attributed to the depletion of
adsorbed SO, over time.

Our results for the reactivity of the different nanoparticles in the SO,/O,
environment show some differences depending on the particle size. First, the
dominating species in the 6 nm ferrihydrite particle is SO,”, while on the smaller
particles SO;* shows a higher relative surface concentration, although SO,> is
still present. Perhaps, interestingly, the FTIR spectrum associated with the 3-4
nm Co oxyhydroxide particle is similar to that of the 3-4 nm ferrihydrite particle.
Hence, the smaller particles show a reduced amount of sulfate, compared to the
larger ferrihydrite particle. Differences in defect density between the large and
small particles may be one reason. Also, the availability of surface sites may
become low on the smaller particles, leading to incomplete oxidation. For
example, the cross-sectional area of SO, is almost 2 nm%* so it may be that the
co adsorption of SO, and O, on the smaller particles becomes difficult because
of steric considerations. On the larger particles (6-7 nm) it may be that more
complete oxidation to SO,> is facile because of the increased availability of
surface sites for the oxidation process to proceed. Certainly more detailed
studies are needed to determine the origin of the size dependent chemistry. The
results, however, do show that the adsorbed sulfur oxyanion product distribution
is a sensitive function to the substrate particle size in the nano-regime.

SUMMARY

Ferrihydrite particles with nominal sizes 3nm and 6 nm were synthesized
using ferritin as a precursor. The particle sizes were characterized using AFM.
The reaction of SO, and O, adsorption on the particles led to the formation of
primarily sulfate and sulfite. A higher relative surface concentration of SO,*
compared to SO;> was found on the larger particles, while on the smaller
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particles a higher proportion of the surface monolayer was comprised of SO;*.
Small Co-bearing oxides (3 nm) showed a similar speciation to the 3 nm
ferrihydrite particles. The results show the chemistry of SO, and O, is sensitive
to the size of the reacting substrate.
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Chapter 9

Surfactant Aggregates as Matrix Nanocontainers
for Proteins (Enzymes) Entrapment and Regulation

Natalia L. Klyachko and Andrey V. Levashov

Department of Chemical Enzymology, Faculty of Chemistry, M.V.
Lomonosov Moscow State University, 119992 Moscow, Russia

The important issue of the use of surfactant or lipid aggregates
formed in ternary systems of ‘Surfactant (Lipid)-water-oil
(organic solvent)’ type for enzyme (protein) regulation is that
the systems with bioactives wrapped tightly by nanosized
matrix play an important role both on activity and
conformational level. Peculiarities in system or protein
manipulations as well as protein stability and enzyme activity
regulations are shown on several examples.

Introduction

Surfactant or lipid aggregates of different structure are well-known and wide
used carriers for proteins (enzymes) and other bioactive substances (1-8). There
is a long history of using micelles (normal and reverse) (called also
microemulsions or nanoemulsions) as well as liquid crystalline structures
(lamellar, hexagonal, cubic, etc.) for enzyme regulation, protein modification
applying the fundamental research to chemical synthesis, analysis, medical
needs, and so on (3-5,8-15). According to the phase diagram of a ternary system
‘Surfactant (Lipid)-water-oil (organic solvent)’ (Fig.1), different ordered
structures (varying by size and shape) can be formed spontaneously depending
on the nature and component’s ratio in the system (8). In diluted aqueous
solutions, a surfactant forms up normal spherical micelles (L,), the core of which
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is constituted of apolar chains (tails), while the outer shell contacting with water
consists of polar (and often charged) heads. In oil or apolar organic solvents a
surfactant also forms spherical — but inverted (or reverse) — micelles (L,); here,
the core consists of polar (charged) heads while non-polar tails are oriented
outside into the solvent. Normal micelles are capable to solubilize apolar
compounds while reverse micelles solubilize polar compounds, primarily water.
Hydration of reverse micelles is accompanied by an increase in their sizes and
formation of an independent aqueous phase inside the micelle.

Figure 1. Phase diagram of ternary system Brij 96-water-oil and schematic
representation of normal and reverse micelles (L; and L), lamellar (D),
reverse hexagonal (F) and cubic (1)) phases

Ternary systems of ‘Surfactant (Lipid)-water-oil (organic solvent)’ type can
be considered as a model of membrane environment for enzyme functioning in
vivo where enzymes mostly act either on or near the ‘water/organic medium’
interface contacting or interacting with other proteins, lipids or polysaccharides.
Moreover, it is accepted now that lipid polymorphism, i.e. structural
rearrangements of lipids from the bilayer to non-lamellar phases, either micelles,
cubic or hexagonal phases, plays an important role in many processes occurring
in the living cell, such as fusion and compartmentalization of membranes
(16,17), protein-lipid interactions (18,19) and transport (20-24), regulation of
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enzyme activity (25-27) and oligomeric composition (28), etc. (see also reviews
(29-33) and refs. therein).

In contrast to difficulties in studying dynamic intramembraneous lipidic
particles formed between monolayers of lipid bilayer, surfactant or lipid
hydrated reverse micelles exhibit a relatively ordered structure, characterized by
a definite diameter with easy variable curvature, molecular weight (aggregation
number), and packing density (see, for example, (34-37)). Surfactants, both low
molecular mass and polymeric, lipids, polysaccharides and polyelectrolytes, all
can be used as matrix building material, and the size and properties of the matrix
can be easily varied by changing the nature and. concentration of components.
General methodology, techniques, and potentialities of using such systems have
been analyzed in recent reviews (3,10-12,38). Micelles of o/w type from
amphiphilic co-polymers have attracted much attention recently in the area of
drug delivery as nanocontainers for poorly soluble drugs (see recent reviews, for
example (38-40)). The size of such particles lies in nano-diapason, and recently
the systems were ‘rediscovered’ as nanoemulsions becoming widely spread in
new direction of drug delivery as drug carriers (for recent review see (41)).

Methods of protein (enzyme) incorporation into reverse micelles

Protein (enzyme) incorporation into reverse micelles of surfactant in organic
solvents may be achieved by one of the following methods.

The first method proposed by our group (42) often referred as an “injection
method” and is now most widely used. A small amount (the order of a few
volume percent) of protein aqueous solution is introduced into the surfactant
solution in organic solvent (“dry” or slightly hydrated). A ratio of water and
organic solutions is defined by the conditions of the experiment, primarily, by
the value of the desired surfactant hydration degree (water to surfactant molar
ratio, wo = [H;O)/[surfactant]). Thus obtained mixture is shaken up vigorously
(seconds or tens of seconds) until formation of the optically transparent solution.
This method is simple and effective.

In the second method proposed by Menger and Yamada (43), a desired
amount of water (aqueous buffer solution) is first introduced into the solution of
surfactant in organic solvent in order to achieve the desired value of hydration
degree, w,, after that a dry (for instance, lyophilized) protein preparation is
dissolved in the obtained micellar solution and is energetically shaken (mixed).
The time needed for solubilization of the dry protein is normally much longer
than in the case of solubilization of aqueous solutions — it varies from a few
minutes to a few hours. With this procedure a protein stays in contact with the
surfactant and the organic solvent during a relatively long time and as a result its
denaturation often occurs. However, in the end (at the expense of the loss of the
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protein) micellar solutions with much higher (often saturating) protein
concentrations may be obtained compared to those in the first (injection)
method.

The third method first described in the work of D. Hanahan (44) was
intensively employed and developed in the works of the group of P-L. Luisi (45),
see also review (2). The principle of this method lies in the spontaneous transfer
(distribution) of the protein in a biphase system constituted of nearly equal
volumes of protein aqueous solution and surfactant containing organic solvent
(actually, a micellar system with the fixed hydration degree). Protein transfer
occurs without stirring or with a slight stirring and lasts a relatively long time
(from tens of minutes to one day).

Proteins purification, folding, aggregation

The use of reverse micelles for protein fractionation (separation and/or
purification) is one of the aspects that make systems attractive tools in
biotechnology (see review (46) and refs therein). Such parameters as pH and
ionic strength regulating the processes of protein incorporation into the micelles
and its withdrawal back into the water solution can easily be varied to find
conditions for the selective extraction of the required protein from the mixture,
for example. This approach allows extraction not only proteins (enzymes) but
also other water-soluble components, DNA, for example (47).

Reverse micelles can also be considered as a convenient matrix whose shape
favors folding extended biopolymers even metastable proteins (48,49). The
problem of aggregation for folding of gene-engineered proteins that often form
inclusion bodies exists. Attempts to extract proteins from inclusion bodies result
in the formation of insoluble aggregates. One can overcome this problem using
surfactant reverse micelles (48,49). Varying water content in the system, i.e.
sizes of protein nanocontainers, it is possible to assemble both supramolecular
complexes and particular subunits. For triosephosphate isomerase (50) and
formate dehydrogenase (51), a possibility of obtaining (under specific
conditions) folded monomeric or dimeric protein particles has been shown.
Moreover, even polyelectrolytes incorporated into the reverse micelle can be
folded to form compact particles, globules (52,53).

Manipulations with the system

Inside polar core of the nanocontainer (nanoemulsion of w/o type), water
can be replaced with water-miscible organic solvent without destroying the
system. Glycerol, 2,3-butanediol, DMSO, glucose and other sugars were used as
water-miscible solvents (54-56) for enzyme activity and stability regulation.
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Different polymeric materials such as polyelectrolytes, gelatin can be used
to modify an inner hydrophilic protein microenvironment. The formation of
‘nanogels’ i.e. gel formation on the base of gelatin inside the water pools of
nanodroplets has been studied in details (57-59). Further ‘hardening’ of
nanocomposite enzyme-containing matrix based on gelatin gels has been made
by in situ polymerization of tetraethoxysilane (60) that allowed obtaining dry
enzyme-containing powder stable both in aqueous and organic solvents.

Different monomers capable to polymerization in the inner phase can be
used, acrylamide and N,N’-methylenebisacrylamide (61) or ethyl 2-
cyanoacrylate (62), for example. First example (61) was used to prepare
nanogranules of stabilized chymotrypsin (the nanogranulated enzyme did
operate in organic solvent at elevated temperatures (up to 70C), while the native
enzyme was totally inactivated). Second example (62), used for preparation of
insulin-containing nanocapsules by interfacial polymerization, represents one of
the methods used in wide spread area of drug delivery.

Another way to manipulate with the protein or enzyme-containing
nanoemulsions is to use surfactants with double bonds capable to
polymerization (63-65).

Schematic representation of different manipulations with reverse micelles is
given in Fig. 2.

N TN

/"Nn water 2, 4 & &
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Figure 2. Schematic representation of different manipulations with reverse
micelles: 1 - addition of water or/and aqueous solution of enzyme and
monomer; 2 - polymerization of the content of an inner cavity; 3 - washing
out the surfactant layer resulting in enzyme-containing nanogranules

Manipulations with the protein entrapped in surfactant nanocontainers

Reverse micelles are an excellent and even unique tool for various chemical
manipulations with proteins (enzymes). Micellar systems are very convenient
for the introduction hydrophobic poor water-soluble reagents into protein
molecules in controlled quantities (first of all, of one-two hydrophobic residues
per protein molecule), long-chain fatty acid residues (66) or phospholipids (67),
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for example. Such an elegant protein modification in mild conditions can bring
new features to hydrophilic protein - the ability to membrane translocation (66).

Normally, simple proteins (enzymes) form protein-containing micelles in a
stoichiometric ratio 1 to 1. In the case of oligomeric proteins (enzymes),
variation of micelle sizes (water content in the system) allows obtaining a whole
set of different oligomeric forms: monomers, dimers, tetramers and so on, for
many individual enzymes and enzyme mixtures (see (68-69), for example, and
reviews (3,9,12)). Employing micellar matrix it is possible to “construct” non-
conventional (from the point of view of classical “aqueous” enzymology)
protein-protein complexes, such as a compact non-covalent chymotrypsin dimer
or a stable (dissociating in water only in presence of 8 M urea) non-covalent
complex of chymotrypsin with peroxidase (70).

In a homogeneous solution, “cross-linking” of two macromolecules is a
problem because of a vast number of intermolecular reactions resulting in the
formation of the cross-linked block copolymer. In a micellar media it is possible
to restrict a sphere of reaction by just a space of one micelle and to suppress (or
to exclude when necessary) other reactions on the level of intermicellar
interactions. In other words, employing classical linking reagents in micellar
systems allows to link (to fix chemically) complexes in an “intramicellar” mode.
This idea has been implemented in studies on the formation of protein and
synthetic polymers conjugates of different stoichiometry (52). At low hydration
degrees, when micelle sizes are small, the protein and polymer molecules are
localized in different micelles (do not interacting virtually). After reaching a
certain critical value of surfactant hydration degree (this value depends on the
size of the complex), a complex is formed which may be linked chemically with
a practically quantitative yield. Further increase of micelle sizes (surfactant
hydration degree) may lead to formation of protein-polymer complexes of higher
stoichiometry (52).

Enzyme (protein) stability regulation

The above-mentioned approaches to system and protein manipulations
usually lead to the protein stabilization increasing both thermal and solvent
stability. However, even without special additives and manipulations, a protein
molecule is wrapped with surfactant molecules, representing ‘immobilization’ at
molecular level and bringing enhanced stability to enzymes encapsulated in
nanoemulsions at appropriate conditions. ‘Close fitting cage’ functions as a
buffer (or dumper) of excessive spontaneous fluctuations that usually destroy (or
disturb) the catalytic conformation of an enzyme in water. The illustrating
scheme is shown in Fig. 3 (left upper picture). The general conclusion coming
up: better fitting will bring higher protein stability, even unusual stabilization of
oligomeric protein in monomeric form, as shown on the example in Fig. 3.
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As an example, a comparative stability study was carried out for baker’s
yeast alcohol dehydrogenase (YADH) in water and reverse micelles (Fig. 3).
The enzyme represents an oligomeric protein composed of four subunits
working in water in its tetrameric form (for enzyme kinetics, see (71,72) and
refs therein). First of all, it was found that the enzyme preferred to stay in
micelles as monomer or dimer, or tetramer depending on micellar size
(hydration degree, w,). The results of the sedimentation analysis showing
molecular masses of particles surrounded by the surfactant shell are presented in
Fig.3 (left bottom). At w, 11-20, only subunits (monomers) of YADH were
found in the system, at w, higher 21 — dimers were present (gray dots).
Tetramers were appearing at high w, only in the presence of NAD" (black
rhombs).
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Figure 3. YADH in ternary AOT-water-octane system; Left bottom — molecular
masses of protein found by sedimentation analysis; Left upper — schematic
representation of the results of sedimentation analysis; Right - time dependence
of the residual activity (In(A/Ao)) of YADH in water and AOT- water- octane
system at Wo 14 and 39, pH 8.6, 25°C. Arrow — the stability changes in the
presence of NAD"

As seen from Fig. 3 and known from previous works (see (71,72) and refs
therein), the enzyme is denaturing quite fast in water at alkaline pH (black
triangles). YADH stability can be regulated in wide range upon enzyme
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encapsulation in reverse micelles with different water content (different miceliar
size). As found, the enzyme in monomeric form (w, 14) revealed higher stability
than that in water probably because this form fits better to the spherical micelle
(rhombs in Fig. 3). At w, 39, the size of the micelle exceeds significantly the
molecule of dimeric YADH (ellipsoid form) recognized by sedimentation
analysis at this conditions. Possible additional unfavorable interactions with
micellar matrix leaded to the situation when the enzyme was inactivated even
faster being incubated at w, 39 (squires in Fig. 3). Better fitting of tetramer
formed in the presence of NAD' to this big micelle brought the enzyme stability
improvement (white dots in the Fig. 3).

Enzyme activity regulation

An intriguing phenomenon observed for the enzymes entrapped into reverse
micelles is a bell-shaped dependence of their catalytic activity on the hydration
degree with the maximum observed at those w, where the size of a micelle is
equal to that of a protein (1,3,8,9,11,12). In the case of oligomeric enzymes, the
dependence of kinetic parameters on hydration degree shows a number of peaks
corresponding to each oligomeric form of an enzyme (see, for example, 68-70).

Under conditions of such a complementarity’s, there is a close contact of the
enzyme molecule and the surrounding surfactant matrix. The enzyme in this case
can be “squeezed” tightly by the micellar matrix, its rotational and vibrational
motions can then be “freezed” leading in many cases to the fixation of the most
catalytically active conformation, but usually in the expense of substrate binding
parameters. The situation is illustrated in Fig. 4 by two examples, B-glucosidase
(left) and lipoamide dehydrogenase (right). As found and confirmed by
sedimentation analysis that allows calculating molecular masses of proteins
encapsulated in nanoemulsion, sharp increase in enzyme efficiency is indeed
observed in conditions when protein size fits to that of nanoemulsion inner
cavity (top figures). As seen from the bottom figures, sharp increase in Km
values, i.e. binding worsening occurs at the same conditions. It should be
mentioned that two peaks seen for oligomeric lipoamide dehydrogenase reflect
the formation of two catalytically competent enzyme forms, dimeric and
tetrameric (69). One point should be stressed especially: normally, micellar
concentration (or number of nanoemulsion particles) exceeds many orders of
magnitude an enzyme concentration used. It means that, in principle, there are
many empty containers in the system. The fact that enzyme molecules in some
conditions ‘prefer to stay together’ in one micelle reflects that micelles are not
forcing tools, they help to reveal natural potential of enzyme preferences.
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Conclusion

Protein- or enzyme-containing surfactant aggregates possess a whole set of
unique advantages that makes them very perspective in using for both
fundamental research and applied areas.
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In nature, several organisms elegantly deposit silica into shell
and spicule structures. These include the unicellular algae
family of diatoms (/, 2) as well as the marine sponges (3, 4).
The basis for silica deposition in these organisms has been
elucidated over the last several years. Families of proteins,
termed silaffins in diatoms and silicateins in marine sponges,
have been isolated from the silacious components of the
respective organisms (/, 3). These protein families do not
resemble each other in terms of sequence or isoelectric point,
but the purified forms of each precipitate silica from silicic
acid precursors (I, 4). The in vitro protein-mediated silica
condensation reactions were the proof-of-concept that these
organisms use proteins to deposit and/or template their
intricate silica structures. Interestingly, these silica pre-
cipitating templates become entrapped with the silica matrix.
The composite protein-silica structure found in nature was the
impetus for encapsulating enzymes in silica using peptides and
proteins as the silica template. This chapter will focus on the
encapsulation of nanoparticles and enzymes using peptide-
templated silica.
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Silica Biomineralization in Nature

Silicateins are the protein family found in spicules of the marine sponge,
Tethya aurantia. The silicateins are composed of three subunits: o, B, and y
that form ordered filaments, which constitute the core of the silica spicules and
which can be observed by X-ray diffraction of intact spicules (3). The subunits
are similar to each other and homologous to the cathepsin L family of cysteine
proteases. Morse and co-workers propose that the protease active site
corresponds to the catalytic site of the silicateins for condensation of silica
although the active cysteine from cathepsin is replaced by a serine in a-silicatein
(4, 5). Isolated silicatein filaments and recombinant a-silicatein were shown to
mineralize silica using triethoxysilane (TEOS) as the silicic acid precursor but
did not function after they were thermally denatured, indicating that the
secondary structure of the proteins is important for activity (4).

The silaffin family of proteins in the diatom Cylindrotheca fusiformis is
composed of 3 members: silaffin 1A, silaffin 1B and silaffin 2, which together
make up the majority of the protein in the diatom cell walls (7). In contrast to
silicateins, silaffins are heavily post-translationally modified with polyamine
groups and phosphorylated side chains (/). In order to determine the role of the
post-translational modifications, synthetic peptides of individual repeating units
have been used. In particular the fifth repeating unit of the silaffin protein sillp,
which is termed RS, has been well studied (/, 5, 6). R5 is 19 amino acids long
(MW = 2,013 Da) with the amino acid sequence: SSKKSGSYSGSKGSKRRIL
resulting in a pI = 11.22 . Rapid condensation of silica as spherical particles
occurs with RS in the presence of the precursor silicic acid and phosphate ions
(Figure 1; 1). This occurs through the process of floculation (7) that results in
the formation of a network of silica particles. In the presence of the peptide,
silicic acid undergoes rapid condensation into silica compared with abiotic silica
formation from the same precursor (/, 7). This results in a composite material of
silica and protein in the diatoms (7), a point which spurred the idea for using RS
as a template for enzyme encapsulation in silica.

Biomimetic Silica Formation

RS5-precipitated silica spheres have been well characterized. They are
porous structures with a diameter of 400-600 nm, and have been extensively
analyzed with SEM and TEM (I, 6). The majority of RS peptide used in the
templating reaction is associated with the silica rather than the remaining
supernatant, as was shown by dissolving the silica with NaOH and interrogating
the resulting material by SDS-PAGE, indicating that the peptide is intrinsic to
the silica matrix (8). Thermogravimetric analysis (TGA) revealed that 15 %/wt
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Figure 1. Scanning electron micrograph of R5-templated silica.

of the spheres is organic, 80 %/wt is silica and nitrogen absorption data indicate
that the pore size is between 1.6 - 2.0 nm (unpublished results). Using this
knowledge, we hypothesized that it would be possible to encapsulate other
proteins or even other particles inside the silica matrix using RS-mediated
condensation.

Several groups have identified peptides and proteins, other than those
natural and recombinant proteins from diatoms and marine sponges, that
catalyze the silica condensation reaction. Peptide phage display was used to
select for twelve amino acid peptides that specifically bind to silica (9). These
peptides were tested for condensation of silica using hydrolyzed
tetramethoxysilane (TMOS) as the silicic acid precursor. In these experiments it
was observed that some peptides are good at binding silica but not catalyzing
the condensation reaction, and that some peptides are excellent precipitants of
silica. For example, the peptide termed Si 4-1 is rich in histidine and is effective
at both binding and precipitating silica however Si 4-10, which is arginine rich, is
only effective at binding silica and does not precipitate significant amounts of
silica (9). Poly(L-lysine) has been shown to be an effective catalyst of silica
condensation due to its positively charged character (5, 10-15). Additionally, the
“flexible” nature of the poly(L-lysine) secondary structure (/6) results in
different shapes of silica being formed under different conditions and when using
different molecular weights of poly(L-lysine) (5, /4, 15). The silica templated by
poly(L-lysine) has pores approximately ~18 A in diameter (C. Perry, personal
communication), making the resultant silica structures suitable for enzyme
encapsulation as a substrate would be able to enter the silica matrix. Coradin and
Livage (17) have shown that poly-amino acids, including poly(L-lysine), favor
silica formation but that the same amino acids free in solution only have a
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small positive affect on the precipitation of silica compared to the buffer control.
Lysozyme also is an effective precipitant of silica nanopatrticles (18, 19).

In addition to proteins and peptides, small organic molecules containing
nucleophilic groups, notably cysteamine (which contains both an —SH and an —
NH, group), were shown to catalyze the precipitation of silica (20). As well,
amine-terminated dendrimers that similar to the post-translational modifications
made to silaffin lysines have been shown to be effective templates for silica
formation (27). Clearly, there are many effective and diverse templates for the
room temperature, neutral pH condensation of silica.

Biomimetic Enzyme Encapsulation

The biomimetic approach for silica precipitation and enzyme encapsulation
has several important differences from the sol-gel method. First, the
condensation reaction reaches completion within 5 — 15 minutes whereas with
the sol-gel method the condensation occurs over a 24 hr period. Second, the
biomimetic condensation reaction occurs preferentially at room temperature and
neutral pH in aqueous solution, while the sol-gel method traditionally occurred
in organic solvents. The hydrolysis of TMOS generates an alcohol side-product
but, as the silica condensation reaction occurs within fifteen minutes, the residual
alcohol can be removed from the silica-encapsulated enzymes quickly and
further alcohol byproducts are not generated. These points allows the alcohol
produced as a side product of the reaction to be quickly removed from the
system, as compared with the much slower sol-gel method. This is a great
advantage when considering that alcohol can denature enzymes, so the
biomimetic silica may allow for superior stability of encapsulated enzymes
compared to traditional sol-gel. Third, a more consistent and uniform size
distribution of silica particles can be achieved using a peptide template than is
possible with the sol-gel method. Biomimetic enzyme encapsulation using the
RS peptide-mediated silicification reaction was first shown by Luckarift and co-
workers (6). This paper showed that butyrylcholinesterase could be immobilized
into RS-templated silica at the efficient rate of approximately 90 % using a 2
mg/mL starting enzyme concentration. This yields approximately 220 mg
enzyme/ g silica or ~20 % (w/w) compared to only 0.1 — 0.5 % (w/w) enzyme
incorporation with traditional sol-gel methods (22). Subsequently, horseradish
peroxidase, catalase, luciferase, blue and green fluorescent protein (BFP and
GFP, respectively) and p-galactosidase all have been encapsulated in
biomimetically-templated silica. The incorporation rate of the different enzymes
depends on the starting solution concentration of the enzyme however, all
reported incorporation rates have been greater than 50 %.

The initial activity of R5-mediated silica-encapsulated butyrylcholinesterase
was equal to that of free enzyme, and that activity was maintained at about 100
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% after storage for over 25 d at 25 °C in aqueous solution. In comparison, the
activity of free butyrylcholinesterase without added antibiotic was less than 10 %
after storage for 8 d under the same conditions (Figure 2; 6). The same
characterisitics of increased stability were shown to extend to heat stability of
silica-encapsulated enzymes. After 1 hr at 65 °C, 100 % of the encapsulated
butyrylcholinesterase activity was retained compared with only 15 % activity for
the free enzyme (6).
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Figure 2. Butyrylcholinesterase activity at 25 °C in free and biosilica-encapsulated
systems. Butyrylchoinesterase was assayed and stored at 25 °C for the indicated
time as a free enzyme (squares), free enzyme in an antibiotic (diamonds), or
biosilica encapsulated enzyme (circles). Used with permission from (6).

Catalase and horseradish peroxidase (HRP) also have been encapsulated in
silica using an RS template, which results in 65-85 % incorporation rates of the
starting enzyme into the silica matrix. The biomimetically-encapsulated catalase
and HRP are equally active as their free counterparts (Figure 3a; 23). Both
catalase and HRP could be dried after encapsulation, stored at room temperature
for several days, and recover full activity when re-hydrated and assayed, similar
to the results with butyrylcholinesterase (Figure 3b; 23).

There are several reports that f-galactosidase has been successfully
encapsulated in silica, using sol-gel and silica-coated alginate microcapsules for
silica condensation, and retained activity while increasing stability (24, 25, 26)
however using RS- mediated silica encapsulation of B-galactosidase we were
unable to detect any activity (Tomczak and Naik, unpublished results). There
are several possible explanations for this: 1) B-galactosidase is a tetramer in its
active form and may not have been encapsulated as such; and/ or 2) the substrate
could not effectively enter the silica matrix to be accessible by the encapsulated
enzyme.
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Figure 3. Catalase and HRP are active and stabilized when encapsulated in R5-
templated silica. Catalase and HRP were encapsulated in R5-templated silica and
assayed for activity before drying (panel A) and after drying and rehydrating
catalase (panel B). The free catalase control (never dried) is shown in panel B
Jor comparison of activity. (Reproduced with permission from reference 23.
Copyright 1998.)

Molecular crowding of proteins has been studied using sol-gel matrices to
mimic the effects of confinement on proteins that would occur in a cell, for
example (27, 28). These studies also have shed light on the effects on the
structure of sol-gel encapsulated enzymes. Generally, these studies have shown
that the native structures of encapsulated enzymes are preserved, but that the
encapsulated enzymes do come into contact with the solvent system. This is
consistent with the findings that encapsulated enzymes can act on externally
added substrates. Hydrogen bonding between the protein surfaces and the silica
surface hydroxides in the matrix clearly plays a role in structure stabilization.
Once the enzymes are incorporated into the silica matrix, the network of
hydrogen bonding may mimic the water network that would normally stabilize
the protein in solution. In this case, the native or active protein structure would
be maintained inside the silica matrix even when the system were dehydrated or
heated, which is what has been observed in the cases described here.

The kinetics of encapsulated enzymes has been measured in both stirred
and unstirred systems. In a stirred system, the kinetics of encapsulated
butyrylcholinesterase were similar to the free enzyme kinetics (H.R. Luckarift,
personal communication). However when encapsulated HRP was tested in an
unstirred system, the kinetics were considerably slower than those of the free
enzyme (Figure 4). This decrease in kinetic rate could be an advantage in some
cases when the slow release of an enzyme reaction product is desired. For
example, in the slow release of insulin for diabetics or for the slow release of a
drug therapy. The utility of having both similar and reduced enzyme kinetics is
another advantage of the biomimetically-encapsulated enzyme system.
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Figure 4. Kinetics of unstirred encapsulated HRP vs. free HRP. The Vi and Ky
values were calculated based on the initial velocity of HRP acting on its substrate,
ABTS at increasing concentrations in unstirred systems. Squares represent free
enzyme, circles represent encapsulated enzyme.

Small Molecule Templates for Silica Encapsulation

In addition to protein catalysts for encapsulating enzyme in silica, rationally
selected small molecules have proved useful as well. For example, the
bifunctional small organic molecule cysteamine has been shown to effectively
encapsulate two different enzymes, both of which retained activity. Luciferase is
an enzyme that catalyzes the production of bioluminescence after oxidizing its
substrate luciferin, a reaction that requires ATP (29). Morse and co-workers
showed that encapsulated luciferase remained active when luciferin and ATP
were added externally to the silica (20). These results show that luciferin and
ATP entered the porous matrix and that luciferase acted on them, even though
the enzyme was embedded in the silica matrix. Clearly, the porosity of the silica
matrix allows for such enzyme reactions to occur while maintaining enzyme
stability, however the details of how these reactions occur spatially within the
silica matrix are still unknown.

Green fluorescent protein and blue fluorescent protein (GFP and BFP,
respectively) also were encapsulated in silica using cysteamine (20). Both
proteins retain their fluorescent character when encapsulated, with no evidence
of fluorescent quenching by the silica. These experiments were expanded to
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show that live E. coli expressing GFP could be encapsulated using the same
catalyst. E. coli cells were mixed with silica precursor and then patterned using
a PDMS stamp on a silicon wafer. The GFP fluorescence was restricted to the
area where silica formed, indicating that the cells were encapsulated in the silica
matrix. The GFP fluorescence from E. coli was maintained for seven days (20).
These results could have a significant impact on cell and tissue engineering for
medical uses. If cells could be encapsulated in silica and then inserted while still
live into an organism, they could synthesize and deliver chemotherapy or other
drug therapies -- potentially without the antigenic problems that would be
associated with the introduction of foreign cells. Additionally, encapsulating
cells in silica could stabilize them for storage, which is an area of considerable
research.

Multi-Functional Biomimetic Silica

There has been some interesting recent work on the use of lysozyme as a
catalyst for silica condenstation. Lysozyme is an antibacterial enzyme that
functions by hydrolyzing peptidoglycan linkages in Gram-positive bacterial cell
walls (30). Lysozyme is a basic protein with a pI = 10.5 and its sequence contains
many hydroxy- and imidazole- containing amino acids as well as basic amino acids
(serine, threonine, histidine, aspartic acid, glutamic acid, lysine and arginine),
characteristics which have been shown to be important for silica biomineralization.
Lysozyme was shown to be an effective catalyst of silica condentation (/8). This
group found that lysozyme caused the formation of fused-spheres silica with
average pore size of 30 nm using water glass (27 % SiO,, 10% NaOH) as the silica
precursor. They propose that lysozyme induces silica polymerization through
electrostatic interactions, similar to the findings with poly(L-lysine)-templated
silica. Luckarift and co-workers extended these findings to show that lysozyme as
the silica template was encapsulated efficiently (~85 % incorporation) into the
matrix in its antibacterial active form (/9). When assayed against Micrococcus
bysodeikticus, the silica-encapsulated lysozyme had as much lytic activity as the
free enzyme and that activity was maintained after heating to 75 °C for an hour,
while the free enzyme had less than 10 % activity after the same treatment (/9).
They proceeded by incorporating another enzyme, butyrylcholinesterase, into the
silica matrix along with the lysozyme. These experiments showed that both the
lysozyme and the butyrylcholinesterase maintained their activity when co-
encapsulated, demonstrating that multi-functional materials can be made simply in
a “one pot” synthesis.

Clearly, co-encapsulation of two enzymes is an important step for useful
applications of biomimetic enzyme encapsulation. It is also important to have a
facile method for separating the silica particles out of a solution. To this end, we
have incorporated magnetic nanoparticles into the RS5-templated silica
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condenstation reaction and found that they are effectively incorporated as well.
TEM analysis shows that cobalt-platinum (CoPt) nanoparticles were
encapsulated into the silica matrix (Figure 5a). Additionally, it was possible to
co-encapsulate an enzyme with magnetic nanoparticles in order to separate them
from the reaction. In doing this, we were able to show that by using this method
of separation we could reuse the enzyme over several cycles while retaining 100
% enzyme activity (Figure 5b).

We have also shown that quantum dots can be encapsulated into a silica
matrix using an R5-template. Quantum dots are reknowned for their stable and
bright fluorescence character, and these characteristics were not inhibited when
the quantum dots were encapsulated into a silica matrix (Figure 6).  Silica-
encapsulated quantum dots may be useful in directing and observing co-
encapsulated enzyme activity in a cell, for instance.

Another area of encapsulation that has been developing over the last several
years is alginate microcapsules that are coated with silica. These alginate
microcapsules can be used for encapsulating something as simple as a protein to
something as complex as a cell (reviewed in (31)). The alginate microspheres
are coated with poly(L-lysine), which buffers the negatively charged alginate
surface and acts as a template and catalyst for silica condensation on the
microsphere (26). These coatings were permeable to myoglobin (~ 20 kDa) but
not to Bovine Serum Albumin (~ 70 kDa), indicating that they would be
effective at uptake or release of small molecules and proteins if used in
therapeutic applications.
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Figure 5. Biomimetic silica encapsulation of magnetic particles and catalase
Panel A: TEM micrograph of CoPt nanoparticles encapsulated in
biomimetically-templated silica. Panel B: Catalase was co-encapsulated with
iron oxide nanoparticles in R5-templated silica and catalase activity was
assayed after separating the silica-encapsulation matrix from the solution using
a magnetic stand (shown) over several cycles.
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Figure 6. Fluorescence of silica-encapsulated quantum dots. Quantum dots
were encapsulated in silica using RS as a template. Tubes and curves labeled:
(a) represent R5-templated silica alone, (b) represent free quantum dots in
solution, and (c) represent quantum dots encapsulated in R5-templated silica.

Applications of Silica-Encapsulated Nanoparticles and
Enzymes

There are many potential applications for encapsulated enzymes, and they
will be described in detail elsewhere in this book (32). First, the increased
stability of encapsulated enzymes is a clear advantage over free enzymes. The
increase in temperature stability could lead to the use of the enzymes in some
industrial processes that require a relatively mild heat treatment, where free
enzyme would be degraded. The stability against dehydration stress is also a
great advantage over free enzyme. This would allow for room temperature dry
storage or shipment of enzyme, expanding the range of use of the enzymes and
greatly reducing shipping and storage costs. Dry storage would certainly be an
advantage for military applications, where an emphasis has been put on low-cost
lightweight technologies.

Second, the reusablility of the encapsulated enzymes is a major advantage
over free enzyme. In a free enzyme system, it is laborious to separate out very
small amounts of enzymes from a reaction mixture. These processes certainly
lead to loss of total enzyme amount as well. With silica encapsulation, magnetic
nanoparticles can be co-encapsulated and be exploited as effective separation
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agents simply by applying a magnetic field to the sample. This separation
method could be used on research (microliters) to industrial (kiloliters) scales,
broadening the usefulness of the technology to many different environments and
applications.

Third, co-encapsulation of two or more different enzymes or of
nanoparticles and enzymes in the same silica matrix is an important advance.
This would allow for physical proximity of enzymes that form a degradation
pathway, for example, to make the process more efficient. As well, co-
encapsulation of disparate enzymes would make the silica a multi-functional
material through a simple, room temperature synthesis.

Combining all of these advantages together, it is clear that biomimetic silica
encapsulation of enzymes could be used for many applications. For example,
enzymes for decontamination of a water supply could be encapsulated along with
a magnetic nanoparticle. This system could be transported in the dry state to the
site where it is needed, and then deployed. —Once the solution was
decontaminated the particles could be sequestered at the side the of vessel using
a magnetic field, then collected for future use. Additionally, incorporation of
enzymes that produce therapeutic agents could be used in biomedical
applications as implants or injections for slow release of the therapies. The
applications for silica-encapsulated enzymes stretch from research to industrial,
from military to biomedical.
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Chapter 11

A Biomimetic Process for Enzyme Immobilization
within Polycation-Templated Silica

C. Chang, D. E. Ward, B. Kelemen, and J. C. McAuliffe

Danisco Genencor, 925 Page Mill Road, Palo Alto, CA 94304

A simple and scalable procedure for enzyme entrapment,
termed silica co-precipitation, has been developed. The
process was initially inspired by the ability of diatoms and
other marine organisms to rapidly mineralize silica through the
action of polycationic peptides termed silaffins. A mixture of
an enzyme and a polycationic polymer such as polyethylen-
imine (PEI) is added to a phosphate-buffered silicate solution
(PBSi) and results in the rapid formation of a colloidal co-
precipitate consisting of the enzyme, the polycation within a
hydrated, amorphous silica matrix. The process has been
applied to a series of enzymes and the properties of the
resulting composites characterized.

The use of silicate based matrices for the immobilization of biomolecules
has a long history beginning with the simple adsorption of enzymes onto
diatomaceous earth and other silicate based inorganics, followed by the
development of sol-gel technology and more recently, to the use of templated
mesoporous silicates (1,2). One of the key limitations to the greater adoption of
these technologies by industry relates to the cost of preparation. We have
developed a concerted and economical method for the immobilization of a
variety of enzymes within a polycation-templated silicate matrix (3,4). The
method, termed silicate coprecipitation was developed during studies into the
mechanisms through which diatoms and other marine organisms produce
biosilicates under ambient conditions. The procedure involves the addition of a
mixture of an enzyme and a polycation such as polyethylenimine, to a buffered
silicate solution. A colloidal precipitate forms within seconds that contains a
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significant proportion of the added enzyme. The method appears to be
comparable to alternative methods for enzyme immobilization with regard to
retention of enzymatic activity, and has the potential to be optimized according
to the enzyme of interest.

Industrial Enzyme Immobilization

Immobilized enzymes are used in a wide variety of commercial processes
including fine chemical manufacture, food production, air filtration, cleaning,
and bioanalytical applications (5). Immobilization imparts several advantages
over the free, soluble enzymes including ease of removal from the process
stream, improved chemical and thermal stability, enhanced activity in organic
solvents, and suitability for continuous use over extended periods of time (6).
There are however, several disadvantages inherent to many methods commonly
employed for enzyme immobilization. These include loss of activity upon
immobilization, diffusional limitations reducing catalytic rate, sub-optimal
mechanical properties of the supports used for immobilization and most
importantly the cost of immobilization itself. Typically this cost is equal to or
greater than the cost of the enzyme itself, which in turn limits the number of
applications practiced on an industrial scale (Table I) (5,7).

Table I. Commercial Applications of Immobilized Enzymes

Enzyme Application

Glucose isomerase High fructose corn syrup

Lipases Resolution of Chiral intermediates
Aminoacylases Amino acid synthesis

Lipase Transesterification of fats
Penicillin acylase G Antibiotic modification

Glucose oxidase Glucose biosensors

An ‘ideal’ enzyme immobilization process would enable one to rapidly
render a given enzyme into a preferred physical form without loss of activity
through a cheap and scalable process. In addition, the immobilized form of the
enzyme would show improved kinetic properties and enhanced stability relative
to the soluble form. In practice, most methods for enzyme immobilization fall
well short of this goal. Our research has aimed to apply the principles of
biomineralization demonstrated in Nature, to the development improved
methods for enzyme immobilization, with an emphasis on biosilicates (8).
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Biomimetic Silicate Formation

The formation of silica structures by living organisms is known as
biosilicification and occurs in a wide range of marine organisms such as sponges
and diatoms, as well as higher plants. Formation of this amorphous opal-like
silica occurs at ambient temperatures and neutral pH in contrast to the harsh
conditions employed in man-made procedures. Several classes of silica-
templating molecule have been described in the literature (9).

The silicateins «, B and y were identified subunits of a protein filament
isolated from the silica spicules of Tethya aurantia, a marine sponge. The
silicateins catalyze the polymerization of silicate to biosilica (10). Interestingly,
they have a high homology to the cysteine protease cathepsin L. In addition,
silicatein o possesses unique tandem arrays of hydroxyl functions that may
influence the morphology of biosilica. The silicateins also polymerize silicon
alkoxides such as Si(OEt), to silica and alkyl siloxanes to silicone polymers.
Other proteins also possess the ability to form siloxane bonds. For example,
Brandstadt and colleagues determined that Bovine Trypsin catalyzes the
polymerization of both silicates and organosiloxanes and has potential
application for the synthesis of novel silicon-based materials (11).

Other silica-templating molecules act in a non-catalytic fashion and become
incorporated into the biosilica network. A series of polycationic peptides, the
silaffins, were isolated from diatom cell walls by Kroger and coworkers (12).
Characteristic features of these peptides include modified lysine residues
featuring N-methyl-propylamine repeats. Solutions of silicic acid are rapidly
precipitated by silaffin peptides within seconds producing silica nanoparticles.
The modified lysine residues are essential to activity. Peptides with silica
precipitating activity have also been discovered through the panning of
bacteriophage peptide libraries (13). In general, these peptides are rich in basic
amino acid residues including lysine, histidine and arginine. The ability of
organic polymers to precipitate silica is not unique to polypeptides; in fact a
range of synthetic polycationic polymers have this ability including
polyethylenimine, polyallylamine and linear polyamines such as triethylene-
tetramine (9,14). The mechanism is thought to involve the complexation of an
organic cationic polymer with negatively charged silicate anions and their
subsequent condensation to form silica colloids. This condensation reaction is
most likely driven by the ability of the cationic polymer to act as both a general
acid and base (Figure 1) (15).

The morphology of the silicates obtained by polyamine templating is
profoundly affected by the hydrodynamics of the process. For example, the use
of a peptide related to silaffin-1A; to precipitate silica gave rise to spherical
silica composites in a static system, but braided fiber-like structures when the
reaction was carried out in a tube under shear (16). Given the known interplay
between the activity of an immobilized enzyme and the morphology of the
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Figure 1. Polyamine-catalyzed silicate condensation is driven by the
electrostatic interaction between silicate and cationic amines, combined
with acid/base catalysis.

associated matrix (17), the use of silica precipitating molecules offers a
potentially ‘tunable’ system for enzyme immobilization whereby the structure of
the silicate matrix could be optimized around a chosen biocatalyst.

Silica Co-precipitation

Our early studies focused on modifying synthetic peptide templates related
to silaffin peptides by covalent attachment of various functional groups including
fluorophores, lipids, enzyme inhibitors and enzymes. Addition of these modified
templates at initial concentrations of 0.1 to 10 mg/mL to alkoxysilane-derived
silica sols (ca. 100 mM silicate) resulted in the precipitation of nanocomposites
composed of silica and the peptide templates (18). Our initial attempts to extend
this approach to enzyme immobilization involved the expression of a chimeric
subtilisin protease containing one silaffin motif per protein molecule.
Unfortunately, these fusion proteins did not promote silica precipitation upon
exposure to a silicate sol. These observations led to a more practical approach
where the protein to be immobilized was simply mixed with an excess of a
silaffin peptide or alternative template molecule and allowed to associate in a
non-covalent fashion, followed by mixing with a soluble silicate.
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Silica co-precipitation with peptide templates

Immobilization of a subtilisin protease (GG36, Genencor) was carried out
by first mixing the protease (0.1 mg) with the RS silaffin peptide (1 mg,
SSKKSGSYSGSKGSKRRIL) in Tris buffer (900 uL of 10 mM) (3). A silicate sol
derived from acid-hydrolyzed tetraethoxysilane (TEOS) (100 pL of 1 M) was
added to the buffered enzyme and resulted in the immediate formation of a
colloidal white solid. The solid was collected by centrifugation and the
supernatant was decanted for enzyme assay. The solid was resuspended and
washed twice with deionized water. The reaction performed at pH 7 resulted in
the formation of a gel (smaller particles), and the reaction performed at pH 8
gave a precipitate (larger and denser particles). The subtilisin enzyme alone did
not produce a precipitate when treated with a silicate sol.

Enzyme assays were performed upon both the supernatant and the solids
from the reaction using the substrate N-succinyl-Pro-Ala-Ala-Phe p-nitroanilide
(suc-AAPF-pNA). The extent of enzyme immobilization was over 90%, with an
expressed activity in the solid of 20-30% of the total initial enzyme activity.
Subsequent experiments found that the degree of enzyme capture was a function
of the enzyme to silaffin ratio. In addition, larger amounts of silicate resulted in
greater enzyme capture but lower specific activities of the resulting solids. The
incorporation of organosilanes such as phenyltriethoxysilane (PTES) seemed to
reduce the specific activity of the resulting silica composites, possibly owing to
reduced porosity of the resulting solids. Alternate peptide sequences could also
be used as template molecules, for example poly-L-lysine and arginine
oligomers. The protease/silica composites retained enzymatic activity as shown
by a standard colorimetric assay even after repeated washes with brine and
buffer solutions.

A similar approach has been described by Luckarift et al for the
immobilization of enzymes using silica-precipitating peptides (19). The authors
reported a high level of enzyme capture and a large gain in stability as compared
to the free enzyme in buffer. The kinetics of the immobilized enzyme, in this
case butyrylcholine esterase, were also similar to that in solution. These
experiments demonstrated that it was possible to immobilize enzymes through
the use of silaffins and other silica precipitating peptides, in combination with
silicate sols derived from alkoxysilanes.

Improved co-precipitation process
The approach described above was not thought to be scalable owing to the

expense of synthetic peptides and the potential hazards involved with handling
large amounts of alkoxysilanes. Accordingly, two modifications were made to
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the procedure. Firstly, cationic polymers such as polyethylenimine (PEI) were
used instead of peptides as silica-precipitating agents. The second modification
involved the use of a phosphate-buffered silicate (PBSi) solution, made by the
partial neutralization of sodium silicate with phosphoric acid. The results of a
titration of sodium silicate with phosphoric acid are shown in Figure 3. It can be
seen that phosphate-buffered silicate has a good buffering capacity in the pH 6 to
8 range and as such is compatible with most enzymes.

Phosphate-buffered Silicate (PBSi) Titration
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Figure 3. Titration of phosphoric acid (60 mL of 166mM) with sodium silicate
(620mM silica) produces phosphate-buffered silicate (PBSi) solutions.

This improved process, termed silica co-precipitation, was applied to a
range of enzymes with the aim of determining the generality of the method. A
typical experiment involved first mixing a solution of an enzyme (1-10 mg/mL)
with a 10 to 20-fold excess (w/w) of polyethylenimine (PEI, M, = 60,000, M,, =
750,000, Sigma). An enzyme assay is usually carried out at this point in order to
determine of enzyme inhibition has occurred. This solution is rapidly added to a
5 to 10-fold excess (v/v) of a freshly made PBSi solution (100-200 mM silicate,
pH 6 to 8) and results in the instantaneous formation of a colloidal white
precipitate. Collection of the solid can be achieved by centrifigation or filtration
through a depth filter such as cheesecloth. Following washing, the solid is dried
either by freeze drying or by desiccation. The results are discussed below.
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Enzyme Capture and Activity

The determination of the activity of immobilized enzymes is not entirely
straightforward as the apparent activity of these materials is often influenced by
the manner in which the assays are performed. The amount of solid used and the
degree of agitation are important parameters. In most cases, assays were
performed with solid loadings of under 0.1% w/v, combined with rapid agitation.
If the turbidity of the assay solution was too high for a direct spectrophotometric
reading, then an aliquot was withdrawn and the immobilized enzyme quickly
removed by centrifugation. The efficiency of enzyme immobilization was
assessed by the following metrics;

e Enzyme Capture refers to the percentage of the initial enzyme that is
immobilized. It is determined indirectly by the measuring the
difference between the initial and final enzyme activities in solution.

® Relative Specific Activity (RSA) is the percent activity of the
immobilized enzyme relative to an equivalent amount of the free,
unimmobilized enzyme under excess substrate conditions. It is
influenced by mass transfer (diffusional effects of substrate or product)
and/or denaturation of the enzyme.

e Total Expressed Activity (TEA) is the enzyme activity of the solid
containing the immobilized enzyme expressed in units (U).

Table II. Enzymes Immobilized by Silica Coprecipitation

Enzyme"’ Capture Relative Specific Activity
[F-glucosidase 40% 20-40%
Glucose isomerase 75% 35%
Lactase 20% 57%
P. alcaligenes lipase 85% 20%
Acyltransferase 46% 24%
Glucose oxidase™’ 19% 15-25%

! Initial protein concentrations were in the 1-10 mg/mL range.

2 Enzymes produced by Genencor International, Inc., Palo Alto, CA, U.S.A.

* Immobilization of GOx (OxyGo5000™) via the sol-gel method gave 94% capture and
54% RSA, but freeze drying resulted in the loss of most of the activity.

The results with regard to enzyme capture and retained activity varied
according to the nature of the enzyme employed and the initial protein
concentration prior to immobilization (Table II). For example, immobilization
of glucose isomerase resulted in the capture of 75% of the protein and retention
of 35% of the specific activity relative to the unimmobilized enzyme. In
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contrast, P. alcaligenes lipase (LIPOMAX™) showed much lower relative
specific activity (<20%) despite excellent capture (>90%). For a given enzyme,
the extent of immobilization was fairly reproducible, and was related to the
initial enzyme concentration. Higher enzyme loadings typically resulted in a
lower percentage capture. In contrast, the relative specific activity of the silica
co-precipitates seemed to be somewhat variable, perhaps an indication of the
polydispersity of the matrix created by this process. Inclusion of organosilanes
in the composites was also pursued as it has been shown by Reetz and others to
dramatically enhance the activity of sol-gel immobilized lipases (20). The
addition of organosilanes such as sodium methyl siliconate (SMS) to the PBSi
solution seemed to significantly reduce both the surface area and yield of the co-
precipitated material. Overall, the silica coprecipitation process seemed to offer
a convenient and general means for enzyme immobilization, however a better
understanding of the underlying chemistry of the process was needed.

Physical Chemistry of Silica co-precipitation

One unique aspect of the co-precipitation approach is that enzyme
immobilization and formation of the mesoporous silicate solid are concerted and
occur within several seconds (Figure 3). This contrasts to sol-gel approaches
where a mixture of a silicate sol and an enzyme forms a gel over minutes to
hours. Several modes of immobilization are possible including physical
entrapment of the enzyme within the silicate matrix, ionic pairing with the
polyelectrolyte, and other non-covalent interactions (H-bonding, hydrophobic
association with the template or organosilanes etc.). Obviously, it is important
that the polycationic template used does not inhibit the enzyme and preferably
plays a role in enhancing enzyme stability. Such a stabilizing effect has been
demonstrated for the addition of PEI to proteases (21).

The silica biocomposites produced by this method take the form of an
aggregated colloidal solid composed of amorphous, hydrated silica, the
polycationic template polymer and the enzyme. Drying of the silica bio-
composites by lyophilization gives a free flowing powder, whereas air drying
gives an agglomerated solid. These solids were subjected to surface area (BET)
and particle size analysis. Typical surface areas ranged from 70 to 180 m?/g for
silica-only composites. Pore sizes were in the 2-6 nanometer range and the size
distribution was broad, in contrast to mesoporous silicates made by surfactant
templating approaches (22). SEM images of the composites indicated that the
material was polydisperse, consisting of aggregates of sub-micron particles. In
solution, these*aggregates tend to form loose agglomerates in the 10 to 30 pum
range over the course of several minutes, which could be readily resuspended by
sonication or vigorous shaking.



191

® & éG W ¥

Enzyme Cationic polymer

10 nm

Addition of enzyme/polycation

Nucleation/aggregation of . A o
BEregd mixture to a buffered Silicate sol

primary particles composed of

silica, enzyme and polycation < (.1 sec
v
®
@ PSRRI
& 100 nm
Agglomeration and settling of > 30 sec
silica co-precipitate N
STV
2 pm

Figure 3. Model of the silica co-precipitation process.
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Enzyme Stability

Encapsulation of enzymes often results in greater stability to denaturation
due to exposure to solvents or elevated temperatures (6). The thermal activity
profile of immobilized P. alcaligenes lipase (LIPOMAXTM) was compared to
that immobilized on Eupergit C resin and the free, unimmobilized enzyme using
p-nitrophenyl butyrate as the substrate (23). Thermal activity refers to the
absolute activity of an enzyme as a function of temperature. It should be noted
that such activity is a function of both of the turnover number per protein
molecule, in addition to the degree of denaturation of the enzyme. Thus faster
turnover rates will compensate for increased denaturation up to a certain point,
after which thermal activity will decline.

The results are depicted in Figure 4 and indicate that the silica-immobilized
lipase has a higher thermal activity than both the Eupergit-immobilized and the
free, unimmobilized enzyme. In this case the greater thermal activity at elevated
temperatures is likely a function of greater thermal stability, as opposed to faster
turnover relative to the two other forms of the enzyme.

Activity in Organic Solvents

The lipase from Psuedomonas alcaligenes (LIPOMAXTM, Genencor) was
immobilized using 2% PEI and 100mM phosphate-buffered silicate. The final
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Figure 4. Thermal activity of a LIPOMAX™ silica coprecipitate as compared to
the soluble enzyme and that immobilized on to EUPERGIT C” resin.
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enzyme loading was calculated to be around 1% w/w following freeze-drying of
the resulting silica co-precipitate. The immobilized lipase was studied for the
ability to promote ester formation between 1-heptanol and oleic acid (each at
50mM) in isooctane at 50°C over 48 hours. For comparative purposes, the
enzyme was also immobilized on Eupergit C, an epoxy-functional resin (24).
Additional controls included lyophilized enzyme powder and enzyme
lyophilized in the presence of KCl. Enzyme granules consisting of 2.5% w/w
protein were also used.

The extent of reaction was analyzed by GC/MS, the results are shown as a
function of activity relative to the amount of protein (Figure 5). The lipase
immobilized by silica coprecipitation had the greatest specific activity, followed
by that immobilized on Eupergit C resin. When the data was reanalyzed
according to total mass of catalyst (including support), the silica-immobilized
enzyme was slightly better than the enzyme granules.

Enzyme Kinetics

The kinetics of an immobilized glucose oxidase (GOx) coprecipitate were
determined and compared to the soluble, unimmobilized form of the enzyme

, Esterification activity of different forms of
LIPOMAX™ lipase
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Figure 5. Relative activity of different forms of LIPOMAX™ lipase for the
esterification of 1-heptanol and oleic acid in isooctane at 50°C.
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(Table III). The reduced efficiency of immobilized GOx relative to the free
enzyme is most likely related to hindered access to the active sites of the
encapsulated enzyme (6,7). Efforts to improve the activity of glucose oxidase
immobilized by this method are described below.

Table I1II. Kinetic Parameters of Free and Immobilized Glucose Oxidase’

Enzyme V max (INM/seC) K, (mM)
Soluble GOx 0.256 24.0
Immobilized GOx 0.084 36.8

! 0OxyGo5000™ Glucose Oxidase, Genencor International, Inc.

Optimization of enzyme capture and activity

One of the potential advantages of silica coprecipitation is the ability to fine-
tune the process by adjusting one or more of the many parameters that influence
the properties of the final product. A series of experiments were conducted with
the goal of improving the immobilization efficiency of glucose oxidase (GOx,
EC 1.1.3.4). The following parameters were tested;

Nature and amount of polycation

Order of addition

Mixing dynamics

Cross-linking agents (gluteraldehyde or sodium periodate)
Drying method

Enzyme capture varied widely according to the method used for
immobilization (Table IV). The manner in which the enzyme/PEI solution was
added to the PBSi sol seemed to affect both the amount of enzyme captured and
the relative specific activity of the immobilized enzyme. For example, when the
silicate solution was vortexed during addition of the enzyme/PEI mixture, more
enzyme was captured, although the RSA was reduced relative to the control.
Increasing the PEI to enzyme ratio and/or using a 20% PEI solution also
improved enzyme capture, but reduced the specific activity of the entrapped
enzyme. A similar trend was noted inclusion of cross-linking agents such as
gluteraldehyde and sodium periodate. Alternate polyamines, such as triethyl-
enctetramine, did not greatly alter the degree of enzyme capture and activity.
Overall, it seemed that while capture of the enzyme could be greatly improved,
the specific activity of immobilized GOx was significantly less than that for the
free enzyme.

The process for immobilizing the acyltransferase (AcT) from M. smegmatis
was also studied in greater detail (25). In this case however, it was possible to
improve both enzyme capture and relative specific activity through the addition
of a small amount of gluteraldehyde. Increasing the enzyme loading 10-fold
resulted in a lowering of both enzyme capture and specific activity (Table V).
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Table IV. Effect of Process Parameters on GOx Immobilization

Condition Capture (%) RSA (%) TEA (U)
Control’ 19 15-25 65
Unstirred 15 25 19
Vortexed 39 38 75
20 mg PEI? 35 17 29
40 mg PEI? 64 17 55
80 mg PEI 73 18 67
Gluteraldehyde® 89 14 63
10mM NalO, 100 12 62

' GOx (2 mg, 500 U) was mixed with 2% PEI (40 mg PEI), then added to a
PBSi sol. Assays were performed with 5% glucose in 100mM citrate
buffer at pH 5.0 with detection of hydrogen peroxide formation by
ABTS/HRP.

2 PEI was added as a 20% solution.

3 Gluteraldehyde (1.25 mg) was added to a GOX/PEI mixture.

Table V. Effect of Process Parameters on AcT Immobilization

Condition Capture  RSA (%) TEA (U)
(%) Before Drying  After Drying
Control"? 46 24 14.8 4.7
2 mg AcT + Glut? 81 35 38.1 6.0
20 mg AcT + Glut? 26 17 59.6 12.9
20 mg AcT + Glut’ 32 15 63.1 40.9
2 mg AcT in sol-gel® 100 28 34.7 0

! Control condition utilized AcT (2 mg, 124 U) and PEI (40mg) in 1 mL of water, added
to 9 mL of 100mM PBSi, followed by centrifugation and washing of the resulting solid.
Assays were performed with 1mM p-nitrophenyl butyrate in 100 mM Tris HCI, 0.005%
Tween 80, pH 8.6, with determination of AA at 410 nm.

2 Air-drying of the resulting solid. * Freeze-drying of resulting solid.
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The way in which the co-precipitates were dried had a large effect on the
activity of the solid, with the freeze-dried material maintaining a greater activity
as compared to air-dried material. In contrast, the sol-gel immobilized enzyme
lost all activity upon freeze-drying, perhaps as a result of pore shrinkage. The
addition of humectants such as glycerol and PEG is currently under study as a
means of further reducing the loss of enzyme activity upon drying.

Conclusion

We have demonstrated that enzymes can be readily immobilized in
polycation-precipitated silicates by the simple addition of polyamine/enzyme
mixtures to buffered solutions of sodium silicate. The product takes the form a
colloidal silicate hydrogel consisting of the enzyme, the polyamine and
amorphous silica. This process, termed silica co-precipitation, was successfully
applied to a range of enzymes with modest to good enzyme capture and retention
of catalytic activity in most cases. Fine-tuning of the process to suit a particular
enzyme can be achieved by adjusting parameters such as the nature and
concentration of the polyamine, enzyme loading, the rate and manner of
addition, cross-linking agents and drying method. Optimization of the
immobilization of two enzymes, glucose oxidase and acyltransferase was
achieved in this fashion. In addition, the use of readily available and non-toxic
starting materials makes silica co-precipitation amenable to scaled -up
production.  Further improvement of silica co-precipitation and a detailed
characterization of the kinetic parameters of enzymes entrapped by this method
is ongoing. One of the major goals of future work is to gain greater control over
the structure of the materials produced, particularly with regard to the degree of
porosity of the silica matrix.

In the longer term, it should be possible to design enzymes that have the
ability to create their own microenvironment through the mineralization of
suitable inorganics. Approaches might include the modification of the surface
residues of a desired protein, or alternatively using the catalytic activity of the
protein to generate an inorganic matrix. Further development of silica co-
precipitation might lead to the realization of this and other improvements for the
industrial immobilization of enzymes.

References

1. Gill, I. Bio-doped Nanocomposite Polymers: Sol-Gel Bioencapsulates.
Chem. Mater. 2001, 13, 3404-3421.



10.

1.

12.
13.

14.

15.

16.

17.

18.

19.

20.

197

Lee, J. et al. Simple Synthesis of Hierarchically Ordered Mesocellular
Mesoporous Silica Materials Hosting Crosslinked Enzyme Aggregates.
Small, 2005, 1, 744-753.

Bond, R; Jewett, M. C.; McAuliffe, J. C.; Ward, D. E.; US. Pat. Appl.
20050158837 Al, 2005.

McAuliffe, J. C.; Smith, W. C.; Bond, R.; Zimmerman, J.; Ward, D.;
Sanford, K.; Lane, T. H. Template-driven enzyme immobilization:
development of a rapid and practical process inspired by diatoms. PMSE
Preprints 2005, 92, 641.

Buchholz, K., Kasche, V., Bornscheuer U.T., Biocatalysts and Enzyme
Technology, Ch. 1, Wiley-VCH, Weinheim, 2005.

Kennedy, J. F. Principles of Immobilization of Enzymes; in Handbook of
Enzyme Biotechnology, Wiseman, A., Ed.; Ch 4, p.147; Wiley: Chinchester.
Straathof A.J.J. and Aldercreutz P. (Eds.), Applied Biocatalysis, 2™ edn.
Harwood, 2001.

Biomineralization; Baeuerlein, E.; Ed.; Wiley-VCH: Weinheim, 2000.
Patwardhan, S.V.; Clarson, S.J.; Perry, C.C. On the Role(s) of Additives in
Bioinspired Silicification. Chem. Commun. 2005, 1113-1121.

Cha, J. N.; Shimizu, K.; Zhou, Y.; Christiansen, S. C.; Chmelka, B. F
Stucky, G. D.; Morse D. E. Proc. Natl. Acad. Sci. USA 1999, 96, 361-365.
Bassindale, AR.; Brandstadt, K.F.; Lane, T.H.; Taylor, P.G. J Inorg.
Biochem. 2003, 96, 401-406.

Kroger, N.; Deutzmann, R.; Sumper, M. Science, 1999, 286, 1129.

Naik, R. R.; Brott L. L.; Clarson, S. J.; Stone, M. O. J. Nanosci. Nanotech.
2002, 2, 95-100.

Mizutani, T.; Nagase, H.; Fujiwara, N.; Ogosh, H. Silicic acid
polymerization catalyzed by amines and polyamine Bull. Chem. Soc. Jpn.
1998, 71, 2017.

Coradin, T.; Livage, J. Effect of some amino acids and peptides on silicic
acid polymerization Coll. Surf. B: Biointerfaces, 2001, 21, 329-336.
Rodriguez, F.; Glawe, D. D.; Naik, R. R.; Hallinan, K. P.; Stone, M. O.
Biomacromolecules 2004, 5, 261-265.

Lei, C. Shin, Y. Liu, J.and Ackerman E. J. Entrapping Enzyme in a
Functionalized Nanoporous Support. J Am. Chem. Soc. 2002, 124, 11242.
McAuliffe, J. C., Bond, R. L., Cuevas, W. A., US Pat. Appl. 20040039179
Al, 2004.

Luckarift, H. R.; Spain, J. C.; Naik, R. R.; Stone, M. O. Nature Biotechnol.
2004, 22,211-213.

Reetz, M. T.; Wenkel R.; Avnir D. Entrapment of lipases in hydrophobic
sol-gel matrices: Efficient heterogeneous Biocatalysts in aqueous Medium
Synthesis, 2000, 781-783



198
21.

22.

23.

24.
25.

Andersson, M. M.; Hatti-Kaul, R. Protein stabilizing effect of polyethylene-
imine J. Biotechnol., 1999, 72, 21-31.

Asefa, T.; Ozin, G. A.; Grondey, H.; Kruk, H.; Jaroniek, M.; Recent
developments in the synthesis and chemistry of periodic mesoporous
organosilicas. Stud. Surf. Sci Catal. 2002, 141, 1-26.

Gerritse, G., Hommes, R. W. J., Quax, W. J. Development of a lipase
fermentation process that uses a recombinant Pseudomonas alcaligenes
strain Appl. Environ. Microbiol. 1998, 64, 2644-2651.

Boller, T.; Meier, C.; Menzler S. Org. Proc. Res. Dev. 2002, 6, 509-519.
Amin, N.S. et al. W02005056782, 2005.



Chapter 12

Nanoporous Sol-Gel Supports Enzymatic Hydrolysis
of Chlorophyll in Organic Media
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Entrapment of membrane proteins is a challenging task
compared to that involving soluble proteins. Chlorophyllase, a
membrane  protein, was entrapped in  nanoporous
tetramethoxysilane (TMOS)-derived sol-gel, demonstrating
higher protein mass and activity yield than that in
polysaccharide gel and hybrid gel. Both sol-gel formulation
process and chemistry may affect apparent activity of sol-gel
entrapped chlorophyllase, thus need to be taken into account to
improve entrapped chlorophyllase activity. Even though the
external transfer of chlorophyll to the sol-gel matrix can be
minimized by increasing mixing rate up to 150 rpm, internal
diffusion of chlorophyll in nanoporous sol-gel was largely
restricted, confirmed by the measured diffusion coefficient of
10" m%s. The apparent activity was also affected by the
availability of hydrophobic chlorophyll substrate within the
hydrophilic gel, which was controlled by partitioning of
chlorophyll between a water/organic solvent medium and the
gel phase.
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Introduction

Chlorophyliase (EC 3.1.1.14) is a membrane glycoprotein, present in the
photosynthetic membranes of higher plants and algae (1). In vitro,
chlorophyllase catalyzes the hydrolysis of hydrophobic chlorophyll (2)
suggesting application in the enzymatic removal of chlorophyll, coextracted as a
contaminant into Canola oil. Hydrolysis of chlorophyll in contaminated oil by
chlorophyllase enzyme has not as yet been demonstrated due to the fact that
chlorophyllase is not produced commercially, and both enzyme and substrate are
highly water immiscible (3). Thus the enzymatic hydrolysis of chlorophyll, a
water-insoluble substrate, was carried out in non-aqueous media to solubilize
chlorophyll and increase access of chlorophyll to the enzyme. Thus far, a wide
variety of nonaqueous media have been developed for chlorophyllase-catalyzed
reactions aimed at optimizing chlorophyllase biocatalysis, including
water/miscible organic solvent (4), aqueous/hexane biphasic organic solvent (5),
biphasic system (6), and ternary micellar systems containing polysorbates (7)
and nonionic surfactant (8). The biocatalysis of chlorophyllase was also studied
in ternary micellar systems but with pheophytin as substrate (9,10).

Successful immobilization would allow the reuse of enzyme, which is costly
and difficult to produce. Meanwhile, immobilized enzymes demonstrate
enhanced stability against harsh environments, such as that of Canola oil and
organic solvent, compared to the free enzyme counterpart. Hence, chlorophyllase
was entrappd in polysaccharide gel, hybrid gel and tetramethoxysilane (TMOS)-
based sol-gel in earlier investigations (11,12). Chlorophyllase demonstrated
higher mass and activity yield upon entrapment in TMOS-based sol-gel. This
paper is then focused on optimizing catalytic performance of nanoporous sol-gel
entrapped chlorophyllase in a water/acetone reaction medium.

Sol-gel derived silica was reported as entrapment matrix for a wide-range of
enzymes (13, 14), whereas only a few reports describe the encapsulation of
membrane proteins in sol-gel (12, 15-20). As the field is relatively new, the sol-
gel immobilization process is not well understood (21), and some results are
difficult to understand. For example, encapsulation of the same class of enzyme,
but derived from alternate sources can result in different activity yields, even
though the same sol-gel process has been followed (22). These differences may
be due to sol-gel reactions being highly complex, and thus there is little effective
control over the structure of the gel at a molecular level (21).

Improving entrapped enzyme activity is always one of the objectives while
developing enzyme preparation for industrial application. Apparent activity of
entrapped enzyme depends on the intrinsic activity of enzyme in the specific
microenvironment of entrapment matrix, such as pH, ionic strength, hydrophobic
or electrostatic interaction between enzyme molecule and matrix. Also substrate
diffusion within a nanoporous matrix to reach the enzyme is largely hindered.
For example, translational diffusion of small molecules, such as acetone, in pores
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with average diameter of 3 nm is reduced by a factor of 5 (23). Any factor that
leads to small pore size of sol-gel leads to greater restriction. Apparent activity
of entrapped enzyme would also depend on the accessibility of enzyme. For sol-
gel entrapped enzyme, not all the enzyme entrapped is readily available to
substrate (13,22), as some protein may be deeply entrapped in enclosed pores as
a more cross-linked gel network forms during aging.

For entrapping chlorophyllase in a nanoporous TMOS-derived sol-gel, the
factors that may affect activities are (a) gelation time, defined as the time
between the addition of protein to pre-gel sol and the loss of sol fluidity (24); (b)
acidic pH when using HCI as catalyst for hydrolysis of sol-gel precursor (25); (c)
alcohol produced as a result of hydrolysis of sol-gel precursor (25); (d) gel
morphology and thus the accessibility of substrate (26); and (e) drying stress
(15). Sol-gel chemistry during formulation of the pre-gel sol would affect the
activity of entrapped chlorophyllase through the first four factors. Sol-gel
process involving aging and drying conditions would affect the activity of
entrapped chlorophyllase through the last two factors. Hence, this paper outlines
the sol-gel process and chemical parameters that need to be considered to
improve entrapped chlorophyllase activity in a water/acetone organic solvent
system (15,26). Some other factors, including diffusion/partition coefficient, of
substrate within or to the nanoporous sol-gel support, may decrease the apparent
activity of chlorophyllase entrapped in nanoporous sol-gel, and thus is also
presented (26). This main objective then was to establish the ground work for
industrial chlorophyll removal from Canola oil by an enzymatic approach.

Optimization of Sol-gel Process on Catalytic Performance of
Entrapped Chlerophyllase

As shown in Figure 1, the entrapment process starts with a pre-gel sol
consisting of partially hydrolysed precursor containing the active encapsulant, in
this case chlorophyllase. Sol transforms to a gel over a few minutes or hours (t,,
gelaticn time), depending on composition. Fresh gel is aged at 4°C to develop a
more chemically condensed gel network. Gel is then dried to remove
water/alcohol from the porous matrix. Both aging and drying conditions likely
affect chlorophyllase activity through altering enzyme hydration, or through
changes in gel morphology affecting accessibility of the substrate chlorophyll to
the enzyme chlorophyllase.

Aging Conditions

Stronger gel structures develop with longer aging times, reducing gel
shrinkage during drying, thus preserving the conformation of entrapped enzyme
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Figure 1. Schematic illustration of the process of entrapping chlorophyllase in
TMOS-derived nanoporous sol-gel.

to a larger extent [27]. However, longer aging time may lead to a small pore
size, thus decreasing the apparent activity of sol-gel entrapped enzyme. An
example would be the apparent activity of lipase decreased upon aging for 25
days at 4°C (28). Aging time ranging from 1 day to 1 week was studied with
chlorophyllase. An increase in apparent activity was found with aging time (15),
indicating that aging for up to 1 week did not lead to a significant decrease of
matrix pore size. Various researchers adopted aging times for entrapped
enzymes, ranging from hours to weeks or months, however for practical
reasons, a 24 h period was adopted toward an optimal formulation, even though
stronger gel networks are preferable.

Aging temperature is another factor that may affect the gel structure, as well
as entrapped enzyme activity. Aging at 4°C is preferable for maintaining
enzyme activity, and thus is most commonly used.

Drying Conditions

The natural environment for enzyme is water, as an essential water layer
(bound water) surrounds the enzyme molecule, maintaining activity or correct
conformation (29). Drying or dehydration thus may denature enzyme if the
essential water layer is removed (30). During drying, free water is likely be
removed during early stages of drying, thus the enzyme is likely to retain activity
to a large degree as long as the bound water remains associated. However, the
removal of bound water during later stages of drying may cause detrimental
conformational changes to proteins. For example, antibody denatured during 100
h of drying (31) and lipase completely lost its activity when air-dried to less than
50% of initial water, which was not restored by water replacement (32). Hence,
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extensive drying is generally detrimental to proteins. In the case of
chlorophyllase, air-drying for 6 h would still lead to a highly active
chlorophyllase preparation, whereas negligible activity was observed when
drying time exceeded 12 h, as seen in Figure 2 (15).

The decrease of entrapped chlorophyllase activity could also be due to
drying stress as a result of high capillary forces developed during evaporation of
solvents from gel nanopores. The drying approach that eliminates the capillary
force is likely to reduce the drying stress imposed. This hypothesis was
supported by a higher specific activity observed with freeze-dried gel than that of
air-dried, vacuum-dried and solvent-dried gel (15) and is consistent with that
reported by Kamakami and Yoshida (32) with sol-gel entrapped lipase. Even
though freeze-drying is preferable to obtain a more active chlorophyllase
preparation, air-drying for 3 h is more convenient for practical reasons, and thus
used toward optimization.

Sol-gel Chemistry on Catalytical Performance of Entrapped
Chlorophyllase

Sol-gel chemistry or formulation determines the gelation time (24), and
microenvironment of the sol-gel matrix. It may also affect pore morphology of
sol-gel through altering the relative hydrolysis and condensation rate (33).
Hence, sol-gel chemistry can affect the catalytical performance of sol-gel
entrapped chlorophyllase either directly through altering intrinsic activity of
chlorophyllase, or indirectly through altering the gel morphology and thus
accessibility of chlorophyllase.

Water/silane Molar Ratio

Water/silane molar ratio in the starting sol can affect the relative hydrolysis
and condensation rate, impacting on pore morphology of sol-gel, and thus the
accessibility of chlorophyllase to substrate. There is always an optimum
water/silane molar ratio for a specific enzyme. An optimum chlorophyllase
activity was observed at an R-value of 30, with lower activities obtained at both
lower and higher R (15). Chen and Lin (34) and Reetz et al. (22) reported
similar findings with sol-gel entrapped lipase. At low R value, reduced lipase
activity was explained by enzyme aggregation and alcohol denaturation in the
pre-gel sol. Sol with R-values over 24 were thought to form sol-gel through
alternate gelation behavior, resulting in increasing amounts of residual enzyme in
the aqueous supernatant, lowering entrapped lipase activity. In the present study,
a change in gelation behavior was not observed. In contrast, over 94%
encapsulation yields were observed for all levels of R examined. An examination
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Figure 2. Activities of sol-gel entrapped chlorophyllase air-dried at different time
periods (reproduced from reference 15 with permission of Springer Science.
Copyright 2006.)

of pore morphology by nitrogen absorption-desorption analysis shows that the
pore volume and average pore size of TMOS-derived gel increased with
increasing water/silane molar ratio (15). The increased pore volume and average
pore size may facilitate the transfer of substrate within sol-gel, thus resulting in
the higher measured activity.

Enzyme Loading

Enzyme loading is another factor that needs to be considered in order to
improve the activity of sol-gel entrapped enzyme. The general trend is that the
specific activity of enzyme decreases at high loading, explained by intraparticle
diffusional limitations and/or aggregation of enzyme during sol-gel preparation
(35,36). The optimum enzyme loading may vary from enzyme type, sources and
support materials, For chlorophyllase, the optimum enzyme loading is 0.257
MEprorein/Bget- (15). Other researchers reported optimum lipase (35) and trypsin
(36) loading in sol-gel as 6.25 and 0.1% respectively. It is possible that the
substrate chlorophyll has better access to the enzyme at higher enzyme loading,
yet beyond an optimum point, further increase in enzyme loading creates a
diffusional limitation to chlorophyll diffusion. High concentrations of enzyme
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may also trigger aggregation, reducing the availability of enzyme throughout the
gel particle matrix (22).

Catalyst / Precursor Type

Catalyst employed to facilitate the hydrolysis and condensation of sol-gel
precursor can be classified into basic and acidic catalyst. Base catalyst favors
condensation reaction over hydrolysis reaction, thus leading to a denser sol-gel
network, whereas acidic catalyst tends to form a branched sol-gel network, as a
result of favoring hydrolysis reaction versus condensation reaction (37). The
intrinsic activity of chlorophyllase is likely to be reduced in an acidic pH
environment when HCI is employed as catalyst for hydrolysis of sol-gel
precursor (25). The activity of sol-gel entrapped chlorophyllase was improved
by a factor of 2 by using basic catalyst NaF, instead of acidic catalyst HCI
(12,15).

Most studies on sol-gel entrapment used TMOS as precursor via the
alkoxide route, producing a high content of alcohol as a result of hydrolysis and
condensation of TMOS. It will be a problem for molecules that are not stable in
alcohol (38). To eliminate the denaturing effect of alcohol, aqueous sol-gel
protocols have been developed using sol-gel precursors that do not produce
alcohol, including poly(glyceryl silicate) (14), diglycerylsilane (39),
monosoribital silane (39), and sodium silicate (38). Alternatively, the denaturing
effect of alcohol can be minimized by doping additives along with enzyme in the
sol-gel, with some additional advantages as described in the section below.

Microenvironment

Microenvironment of enzyme in nanoporous sol-gel could be altered by
doping additives. The additive would protect enzyme from denaturing effects by:
forming a shield between protein and the environment (13); by reducing the
shrinkage of gels (40) and thus the stress on protein conformation; by acting as a
template to alter the gel physicochemical properties (41); or by effectively
protecting enzyme from dehydration (13). An extensive study on the effect of a
wide range of additives on entrapped chlorophyllase catalytical activity, as well
as the properties of sol-gel materials has been conducted, including charged or
uncharged polymeric additives, uncharged additives with small molecular
weight, and novel or uncommon additives — lipase, lipids (24). It was found that
different additives affect activity of entrapped chlorophyllase in different ways.
In general, additives with smaller molecular weight, such as glucose or glycerol,
better preserve chlorophyllase activity than those with high molecular weight,
such as polyethylene glycol, poly (vinyl alcohol), polyethyleneimine, or lipase.
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Among the additives investigated, lipids demonstrate better performance on
improving chlorophyllase activity upon sol-gel entrapment compared to its
additive-free control (Table I, Figure 3). This might be due to the fact that lipids
are essential to maintain the activity of chlorophyllase - a membrane protein (3,
9,10). When chlorophyllase was entrapped in sol-gel in the form of a liposome,
the lipid provided a shield between chlorophyllase and the denaturing
water/alcohol environment. Employing lipids as additive to protect enzyme
during the sol-gel process has not been previously reported.

Other Factors Affecting Apparent Chlorophyllase Activity in
Nanoporous Sol-gel Matrix

Even though the synthesis process is optimized to preserve the intrinsic
activity of enzyme as described in the two previous sections, the apparent
enzyme activity in nanoporous sol-gel is often reduced by some other factor,
including internal/external diffusion resistance, partition coefficient of substrate
between reaction medium and gel phase, as well as the components of the
reaction medium.

Internal/external Diffusion Resistance

The external mass transfer of substrate — chlorophyll to the gel matrix can
be minimized by increasing the mixing rate up to 150 rpm (26). However, the
internal diffusion of chlorophyll in the nanoporous gel was largely restricted,
which was reflected by the measured diffusion coefficient on the order of 10™
m?/s (26). This value is orders of magnitudes lower than that of hydrophilic
substrates such as glucose diffusing within a hydrogel matrix (42). The
hydrophobic nature of chlorophyll, its higher molecular weight, and the smaller
pore size of silica gel, would explain the large differences in diffusion coefficient
between the widely different systems. The restricted diffusion of chlorophyll
within nanoporous gel explained the lag period observed in chlorophyll
hydrolysis catalyzed by entrapped chlorophyllase (26),

Partitioning of Chlorophyll between Gel Phase and Reaction Media

While catalyzing a reaction with hydrophobic substrate in a water/organic
solvent system, the apparent activity of enzyme entrapped in hydrophilic
nanoporous sol-gel is likely to be reduced by the availability of substrate, as well
as the denaturing effect of the organic solvent in the reaction medium. The
hydrophobic substrate has a lower tendency to partition into the hydrophilic
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Table 1. Single Lipid or Lipid Mixture Used to Form
Chlorophyllase-Lipid Associate

Formulation MGDG (ug) PG (ug)
MGDG 1 600 -
MGDG 2 1200 -
PG 1 - 600
PG2 - 1200
Lipid mix 1 300 300
Lipid mix 2 600 600
NotE: MGDG refers to Monogalactosyl diglyceride;
PG represents phosphatidyl glycerol
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Figure 3. Relative activity yield of chlorophyllase entrapped in TMOS-derived
sol-gel containing various types and combination of lipids (see Table I for

detailed formulation).



208

support from the water/organic solvent system as a result of hydrophobic
interaction. The partition coefficient of hydrophobic substrate increases when
enzyme was entrapped in a more hydrophobic matrix (11).

As chlorophyll is a hydrophobic substrate, acetone was used as a solublizing
solvent. Acetone serves as a co-solvent facilitating transfer/partition of
chlorophyll to and within the hydrophilic sol-gel matrix (26). A strong catalytic
dependence was found over a wide range of acetone concentration (26) while
examining catalytic performance of chlorophyllase entrapped in nanoporous sol-
gel in a water/acetone medium. Maximum activity was observed at 20% acetone,
with decreasing activity at both lower and higher concentrations. As the partition
coefficient of chlorophyll to the gel phase increases with increasing acetone
concentration, the reduced activity in reaction medium with above 20% acetone
arises from the capability of acetone to extract essential water from the enzyme,
possibly resulting in denaturation (43).

Catalytic performance of chlorophyllase entrapped in nanoporous support
was also examined in a medium consisting of water, acetone, and Canola oil.
The Canola oil content was varied from 0 to 30% while holding acetone
concentration fixed at 20% (26). The overall decrease in activity is 80% in the
presence of 30% Canola oil, compared to a media without oil present (Figure 4).
Canola oil differs from acetone in that it is hydrophobic. A 75% reduction in
activity of the free enzyme was observed in a water/miscible organic solvent
containing 30% oil (44). Reduced chlorophyllase activity in oil may be due to
conformational modifications disrupting tertiary structure and denaturing the
enzyme (45). Alternatively, the oil as hydrophobic solvent may reduce
availability of the substrate chlorophyll to the enzyme, due to substrate
partitioning into the oil phase. As conformational change is more likely restricted
in a sol-gel matrix, the partitioning effect, reducing chlorophyll accessibility to
within the gel matrix, is a more likely explanation for reduced activity with
increasing oil content.

Summary and Conclusions

Table II summarizes the parameters of sol-gel process and chemistry before
and after optimization. The optimized sol-gel protocols improve entrapped
chlorophyllase activity by 80%.

TMOS- derived nanoporous sol-gel effectively entrapped the membrane
protein chlorophyllase. Catalytical performance of entrapped chlorophyllase
could be manipulated through varying sol-gel process parameters and sol-gel
chemistry. External diffusion resistance of chlorophyll was minimized in
water/acetone medium at mixing rates over 150 rpm. The internal transfer of
chlorophyll within the nanoporous gel was significantly hindered, as a diffusion
coefficient on the order of 10" m?%s was obtained, which is 4 orders of
magnitude lower than that of solutes such as glucose in polysaccharide hydrogel.
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Figure 4. Effect of Canola oil content in reaction media on the activity of
entrapped chlorophyllase (reproduced from reference 26 with agreement of
Wiley Publishers. Copyright 2006.)

Activity of nanoporous sol-gel entrapped chlorophyllase was examined in an
acetone/water organic system with or without the presence of Canola oil. The
activity of entrapped chlorophyllase drops to a similar degree as that of free
chlorophyllase at the same Canola oil level (30%,v/v). Enhanced stability of sol-
gel entrapped chlorophyllase was compromised by the restricted diffusion and
partition in such a solvent system. Considering that enzyme immobilization
facilitates enzyme recovery, the nanoporous sol-gel entrapped chlorophyllase has
the potential for industrial application in the upgrading of Canola oils.

To overcome the observed limitation of the current sol-gel protocol, further
study shall be carried out to develop a hydrophobic matrix with bimodal pores,
which can be achieved by using sol-gel precursor with non-hydrolysable alkyl
chains, and doping the matrix with high molecular weight polymer such as PEG
to induce phase separation. The challenge to develop such an matrix would be
the fact that phase separation can only occur within a narrow range of PEG
concentration. Neverthless, successful development of such an matrix would
facilitate the mass transfer of substrate to and within the matrix, due to the
micropores and hydrophobic character of the matrix. Meanwhile, the nanopores
of the matrix are effective in retaining enzyme.
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Table I1. Comparison of Original and Optimized Sol-gel Protocol

Parameters | Parameters | Original | Approachesto | Optimized | Ref
optimized Protocol optimize protocol
protocol
Aging time 4°C for 4 °C for 4°C for 12,15
24 h 24-120h 24h
Drying time, | 6 hat Air-dryingat | 3hat4°C | 12,15
temperature | RT® RT for 3~168 h
Sol-gel Drying Air- Air,vacuum, Air-drying | 15
process approach drying solvent,
freeze-dryin
Water silane | 20 7-40 30 15
ratio R
Precursor TMOS TMOS, TMOS 12,15
type MTMS °,
PTMS"
Catalyst type | HCI HCI, NaF NaF 12,15
Solgel | NaF 21.5 22215 43 15
chemistry | concentratio
n (mM)
Enzyme 0.129 0.065~0.428 | 0.257 15
loading
(mg protein / g
" gel)
Additives none Polymer, lipids 24
protein, lipid,
sugar

NOTE: a MTMS denotes methyl trimethoxysilne
b PTMS refers to propy! trimethoxysilane
¢ RT represents room temperature.
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Chapter 13

Enzyme Encapsulation Using
Nanoparticle-Assembled Capsules

Vinit S. Murthy' and Michael S. Wong'**

Departments of 'Chemical and Biomolecular Engineering and 2Chemistry,
Rice University, Houston, TX 77005

We discuss the synthesis and characterization of enzyme-
containing nanoparticle-assembled capsules (NACs) using acid
phosphatase as the model enzyme. NACs are a new capsular
material that can be synthesized rapidly under ambient
conditions and mild pH values. Unlike vesicles and other
organic-based hollow sphere structures, NACs can be handled
in the absence of water. The hollow forms spontaneously,
allowing for non-destructive encapsulation. The enzyme is
shown to preserve its activity within the capsules, and a
maximum loading and encapsulation efficiency of ~18 wt%
and ~70%, respectively, can be achieved. The encapsulated
enzymes can be recovered and re-used through centrifugation.
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Immobilization of enzymes in robust solid supports has captured the
attention of material scientists and biochemists for almost three decades (7,2).
Broadly speaking, bioimmobilization involves either trapping the individual
enzyme molecules within solid support materials or physically binding the
enzymes on the surface of the supports in order to restrict their freedom of
movement. There are a number of approaches for immobilizing enzymes: (1)
covalent binding to the support, (2) physical adsorption, (3) microencapsulation,
(4) physical entrapment, and (5) crosslinking (7,3-5). No single one solves all
immobilization issues, but the strategy of combining multiple approaches could.

We have developed a new enzyme immobilization route which combines
physical adsorption, microencapsulation, and physical entrapment (6). This route
is based on the nanoparticle assembly synthesis of organic/inorganic hollow
capsule structures. In this two-step synthesis, solutions of a polyamine and a
multivalent anion are combined to form a suspension of polymer-salt aggregates.
A nanoparticle (NP) sol is then added, leading to the formation of nanoparticle-
assembled capsules (“NACs”) (6-8). The benign synthesis conditions (aqueous
environment, room temperature, no organic solvents involved, near neutral pH)
and rapid generation of NACs (from seconds to minutes) allow for the non-
damaging encapsulation of enzymes and other sensitive molecules. The capsule
material is structurally robust and does not collapse when removed from water.

Herein we discuss the synthesis and characterization of enzyme-
encapsulated NACs, in which encapsulation simply involves the additional step
of adding an enzyme solution to the polymer-salt aggregate suspension before
the NP sol (Figure 1). Acid phosphatase was used as the model enzyme, and two
substrates (florescein diphosphate and 4-nitrophenyl phosphate) were used to
characterize catalytic activity. Recoverability and re-use of the encapsulated
enzyme were demonstrated. Fluorescence imaging of NACs containing dye-
conjugated protein molecules provided additional evidence for successful acid
phosphatase encapsulation.

Experimental Section

Materials

Poly(L-lysine hydrobromide) (195,000 g/mol, bromide counterion, “PLL"),
poly(L-lysine hydrobromide) conjugated with fluorescein isothiocyanate (68,600
g/mol, bromide counterion, “PLL-FITC”), acid phosphatase (from potato, 7
units/mg or U/mg of solid, “AP”), 4-nitrophenyl phosphate (disodium salt, “4-
NPP”), citrate buffer solution (pH 4.8, 0.09 M), bovine serum albumin
conjugated to fluorescein isothiocyanate (67,000 g/mol, “BSA-FITC”), protease
solution (from Bacillus sp., >16 U/g) were all procured from Sigma-Aldrich and
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were used without further purification. Stock solutions of BSA-FITC (20 mg/ml)
and enzyme (10.6 mg/ml) were prepared in 0.01 wt% sodium azide aqueous
solution to prevent microbial degradation. Trisodium citrate (“cit”) was obtained
from Fisher Scientific. A 10 mM solution of fluorescein diphosphate (purchased
from Anaspec, “FDP”) was prepared using citrate buffer solution (pH 4.8),
divided into 100 pl aliquots, and frozen. Silica (SiO,) NPs (Snowtex-O, Nissan
Chemicals) were available as an aqueous colloidal suspension or sol (20.5 wt%,
pH 3.4, ionic strength 1 = 16.9 mM). The NPs measured 13+3 nm in diameter,
according to dynamic light scattering. Zeta potential of SiO, NPs in the original
sol condition was calculated from its electrophoretic mobility (-1.4
(nm/sec)/V/cm)) to be -16 mV in the Henry’s limit, indicating the pamcles were
negatively charged.

Synthesis method

A typical synthesis protocol for enzyme-NACs was as follows: 21 pl of PLL
(2 mg/ml in water) was mixed with 125 pl of cit (5.36 mM) by vortex mixing at
low speeds (“S” speed on a scale from 1 to 10) for 10 seconds. The lightly turbid
suspension was aged for 20 min without stirring or shaking. 50 pl of acid
phosphatase solution (initial concentration varying from 0.1 to 1.6 mg/ml) was
then added and the solution was mixed gently. After aging for 10 min, 125 pl of
silica NP sol was added and rapidly vortex mixed for 20 seconds at “7” speed.
Settling of the acid phosphatase-PLL-cit suspension was found to be noticeable
after aging for longer than 10 min. The resulting enzyme-NACs were aged for 2
hrs and washed (through centrifugation and decantation) thoroughly with
deionized water to remove excess enzyme and SiO, NPs. For BSA-encapsulated
NACs, 50 pl of BSA-FITC solution (initial concentration of 20 mg/ml) was used
in place of the acid phosphatase.

Enzyme content determination

The amount of encapsulated enzymes was determined by measuring the
unencapsulated enzyme concentration with a standard AP activity assay (9). The
enzyme-containing NACs were washed two times with water. The supernatant
from the NAC washes was added to 15 ml of 4-NPP (2 mM solution in citrate
buffer, pH 4.8) and magnetically stirred at room temperature. 30 pl aliquots of
the resulting solution were taken at different times (0, 2, 4, 6, 8, and 10 min) and
added to 3 ml of NaOH solution (resulting in a pH of 10.0). Basic solutions of
the nitrophenol product were colored (yellowish), allowing for quantification via
UV-vis spectroscopy; the absorbance at 405 nm was measured. Enzyme amount
was determined from the slope of the nitrophenol concentration-time curve,
referenced to a free enzyme concentration-activity calibration curve. Proper
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control experiments were carried out to ensure that residual SiO, NPs, PLL, and
cit did not affect enzyme activity.

The encapsulated enzyme content was directly quantified also, by breaking
the enzyme-NACs using a high-concentration NaCl solution (2 M) to release the
enzyme. The thus-freed enzyme concentration was then determined using the
above technique. Control experiments indicated the salt solution did not affect
enzymatic activity. Carried out on several enzyme-NACs samples, these
measurements verified that the unencapsulated enzyme measurements (which
was easier to perform) provided accurate encapsulated enzyme content
information.

Encapsulation efficiency was defined as the percentage of enzyme
molecules encapsulated in the NACs out of the total enzyme added, which was
calculated from assay explained above. Enzyme loading was defined as the ratio
of the weight of the enzyme encapsulated to the total weight of the enzyme-
NACs.

Characterization

Confocal laser scanning microscopy.

Confocal images were captured with Carl Zeiss LSM 510 inverted microscope
equipped with a 100x oil immersion objective (NA = 1.4). The laser excitation
wavelength of 488 nm was chosen for FITC (A, = 494.5 nm, A, = 519 nm).
Samples were mounted on conventional glass slides and sealed under a cover slip
to prevent drying. All samples were prepared 1-2 hrs prior to imaging.

Electrophoretic mobility measurement.

Electrophoretic mobility was measured using phase analysis light scattering
(PALS), a variation of electrophoretic dynamic light scattering (DLS). Zeta
potential measurements were calculated from electrophoretic mobility
measurements using Henry’s equation (i.e., 0.1 < xa < 100, where x is the
Debye-Hiickel parameter and q is the particle radius). A dip-in (Uzgiris type)
electrode system with 4 ml polystyrene cuvettes was used.

UV-vis and fluorescence spectroscopies.
UV-vis spectroscopy was carried out using Shimadzu 2401-PC UV-vis

spectrophotometer. Standard poly(methyl methacrylate) cuvettes with a path
length of 1 cm were used. Fluorescence measurements were taken with Jobin-
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Yvon Horiba Fluoromax 3 spectrophotometer. Standard quartz cells with a path
length of 1 cm were used. Solutions were constantly stirred during analysis with
a magnetic Teflon bar; stirring did not interfere with the fluorescence spectra.

Scanning electron microscopy.

Scanning electron microscopy (SEM) was carried out in JEOL 6500 field
emission microscope equipped with in-lens thermal field emission electron gun.
Secondary electron image (SEI) was taken at 15 kV electron beam with a
working distance of 10 mm. The samples were loaded on aluminum stubs, dried
and sputter-coated with gold for 1 min.

In situ fluorescence microscopy.

Fluorescence microscopy was performed on a Leica DM2500 upright
microscope equipped with 100x oil immersion objective (NA 1.4). Excitation
wavelength of 488 nm was chosen for fluorescein. FDP solution (0.1 mM
solution in citrate buffer) was added to a suspension of enzyme-NACs. The
suspension was then deposited on a poly-lysine coated glass slide. Differential
interference contrast (DIC) image was obtained using the same microscope in
transmitted light mode.

Thermogravimetric analysis.

Thermogravimetric analysis (TGA) was performed in the presence of air
flow (100 cm3/min) on DT 2960 from TA Instruments. The temperature was
ramped at the rate of 5 °C/min at was kept constant at 1100 °C for 20 min.

Results and Discussion

Acid phosphatase (AP) encapsulation

The chemistry behind the NP assembly synthesis of the NAC material
involves electrostatic interactions among the various precursors and allows for
the encapsulation of charged molecules like AP. We chose AP as the model
enzyme as it is well-studied and its dephosphorylation activity can be readily
assayed. AP is ubiquitous in nature, and is found in plants (e.g., potatoes and
wheat germ) and animals (e.g., the human prostrate gland). The potato-derived
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form has a molecular weight and isoelectric point (pI) of ~55 kDa and 5.2,
respectively.

When the aqueous solutions of PLL and cit are combined, the positively-
charged PLL form spherically shaped aggregates resulting from the cross-linking
or salt-bridging action of the negatively charged citrate ions (6,7). We
hypothesized that zwitterionic AP molecules would bind to, and possibly
incorporate into, the polymer aggregates after introducing the AP solution
(Figure 1). Electostatic, as well as hydrogen-bonding and hydrophobic,
interactions would be the responsible driving force. We further hypothesized that
the SiO, NPs would lead to shell formation after addition to the enzyme-
polymer-salt aggregates. The current model for shell formation is that the
negatively charged NPs penetrate through the outer region of the polymer
aggregates, and that the penetration depth determines the shell thickness (6,7).
For non-enzyme-containing NACs, the shell generally is 100-150 nm thick and
comprised of the NPs and polymer.

Combining AP with PLL-cit aggregates resulted in micron-sized aggregates
in Brownian motion (Figures 2a,b). A comparison of the brightfield and confocal
images indicated that the PLL (observable in the latter image due to the
fluorescent FITC) concentrated at the aggregate periphery after contact with AP
molecules. Without the enzyme, the aggregates showed a homogeneous
distribution of the polymer (6). Noting the previous observation of similar PLL
re-distribution behavior after contact with SiO, NPs, we concluded that the AP
molecules (radius of gyration ~ 3 nm) interacted with the PLL-cit aggregates as
charged NPs. Analogizing with the SiO, NP case, we inferred that the AP was
located mostly near the aggregate surface at this synthesis stage.

The hypothesized electrostatic interactions were supported by pH and
electrophoretic measurements. The pH values of the AP precursor solution and
AP-PLL-cit suspension were measured to be ~6.5 and 6.8, respectively. They
were higher than the pl of AP, indicating that the enzyme possessed a net
negative charge before and after combining with the PLL-cit aggregates. The
PLL-cit aggregates were positively charged, according to the electrophoretic
mobility value of +0.7 (um/s)/(V/cm) measured before combining with the
enzyme.

The addition of SiO, NPs to the AP-PLL-cit aggregates led to the micron-
sized AP-encapsulated NACs, as seen under brightfield microscopy (Figure 2c).
The PLL clearly localized at the NAC shell, with little found in the interior in all
but the smallest, observable NACs (Figure 2d). The same shell formation and
hollowing were observed in PLL-cit-SiO, NAC synthesis (6), with the latter
attributed to the dis-assembly of the polymer aggregate during shell formation.
In this AP-NAC case, the SiO, NPs and PLL were located in the shell but no
information could be deduced about the enzyme location. Without the SiO, NPs,
the AP-PLL-cit aggregate morphology changed after removal from water,
forming a continuous film.
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Figure 2. (a,c) Brightfield and (b,d) confocal microscopy images of (a,b) AP-PLL-
cit aggregates and (c,d) AP-NACs. [PLL] gy = 0.13 mg/ml; [cit] e = 2.1 mM;
[SiO; NP0 = 7.9 Wt.%; [AP]na = 0.26 mg/ml. PLL was conjugated to FITC.

Control of AP loading

Typical loadings obtained with conventional sol-gel techniques are in the
range of 0.5 to 5 wt%. Stone and co-workers recently reported a high 20 wt%
butyrylcholinesterase enzyme loading using a biomimetic peptide/SiO,
composite (10). A high enzyme loading using our PLL/SiO, NP composite
material of enzymes could be possible, and so we studied the effect of initial
enzyme precursor concentration on the loading, encapsulation efficiency, and
particle morphology of the AP-NACs.
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Table 1 lists data on enzyme loading and encapsulation efficiency as a
function of final enzyme concentration in the AP-PLL-~cit aggregate suspension.
High loading (16 wt%) and efficiency (70%) were achieved at the lowest enzyme
concentration. With increasing enzyme concentrations, the loading remained
roughly unchanged (within experimental error) and the encapsulation efficiency
decreased. These trends suggested that there was an upper limit at which PLL-cit
aggregate became fully saturated with the AP enzyme. Both the enzyme loading
and efficiency dropped significantly at the highest AP concentration used. We
attributed this to interference by the AP on the shell formation, leading to
unstable AP-NACs.

Table 1. Enzyme loading and encapsulation efficiency as a function of acid
phosphatase concentration.

[AP]fina, Enzyme loading, | Encapsulation efficiency,
mg/ml wit% %
0.019 16 70
0.034 15 52
0.10 18 20
0.26 9 4

The particle morphology of dried AP-NACs with varying enzyme
concentrations was characterized via SEM (Figure 3). As the control sample, the
“empty” (non-AP-containing) NACs were stable to drying (Figure 3a). With low
AP loadings, the capsules were also stable, with a small fraction observed to
have pinholes or small indentations in the shell wall (Figures 3b-d). At the
highest loading, the size distribution became noticeably bimodal, with largest
NAC:s mostly exhibiting shell damage (Figure 3e).

BSA-FITC encapsulation

The location of AP molecules within the NACs could not be discerned, as
mentioned earlier (Figures 2c,d), though several locations could be possible: on
the inner PLL/NP shell wall, within the wall itself, and/or in the core interior. To
gain insights into the physical location of AP, we studied the encapsulation of a
fluorescence-labeled protein of comparable size and pl. The BSA molecule used
was ~7 nm in diameter with a pl of 4.7 (11).

As expected, combining BSA with PLL-cit aggregates resulted in the
formation of BSA-PLL-cit aggregates (Figures 4a,b). The BSA-FITC was
negatively charged since the synthesis pH was measured to be 8.1, which was
higher than the BSA pl. The brightfield image of the aggregates showed



Figure 3. SEM images of AP-NACs with enzyme loadings of (a) 0 wt%, (b) 16
wt%, (c) 18 wt%, and 9 wt%.

optically opaque spheres, unlike the case for AP-PLL-cit aggregates (Figure 2a),
suggesting the BSA-PLL-cit aggregates were more dense than the latter. The
corresponding confocal image indicated the fluorescent BSA molecules were
located throughout the aggregate, concentrating at the aggregate perimeter
(Figure 4b and inset). We inferred that the BSA had not only adsorbed on the
PLL-cit aggregates surface but also diffused inside the aggregates to form solid
microspheres. Interestingly, the BSA-PLL-cit aggregates retained their particle
morphology upon drying and subjection to SEM vacuum conditions (Figures
4c,d), consistent with their higher density than the AP-PLL-cit aggregates.

The addition of SiO, NPs led to BSA-containing NACs (Figure 5). The
particle morphology and BSA spatial distribution were very similar to those of
the BSA-PLL-cit aggregates. These BSA encapsulation results suggested the AP
molecules encapsulated in the NACs were located in the core interior, with a
higher concentration near the inner shell walls.

From fluorimetry measurements of free BSA-FITC in the supernatant and
TGA measurements of the BSA-NAC product, the BSA loading of aggregates
and NACs were found to be 33 wt% and 28 wt%, respectively, indicating the
NPs contributed to the NAC weight-wise.

The SiO, NP shell wall could not be identified in the confocal and SEM
images. So, we tested for the presence of the SiO,/polymer shell by treating the
BSA-PLL-cit aggregates and the BSA-containing capsules with protease.
Proteases are enzymes which attack the peptide bonds in proteins in a process
known as proteolytic cleavage (3). The aggregate suspension was incubated
with a bacterial protease solution, and after 15 hrs of aging, the aggregates
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Figure 4. (a) Brightfield, (b) confocal, and (c,d) SEM images at two different
magnifications of BSA-PLL-cit aggregates. Inset: Fluorescence intensity line
profile of an aggregate. [PLL]jina = 0.21 mg/ml; [Cit]fina = 3.4 mM; [BSA]finar =
5.1 mg/ml. BSA was conjugated to FITC.

disintegrated into a clear, fluorescent solution (Figures 6a,b). BSA-NACs
treated in the same manner with the protease, on the other hand, were essentially
unaffected (Figures 6¢,d). Some loss in capsule shape was observed, suggesting
structural stability differences among the BSA-containing NACs. The SiO, NPs
provided a protective barrier against proteolytic attack via the formation of a
SiO,/polymer shell.

Enzymatic activity of AP-NACs

The enzyme-containing NACs can be used as tiny reaction vessels (6). To
more clearly illustrate this property of AP-NACs, we carried out a time-lapse
fluorescence microscopy experiment in which a suspension of the AP-
encapsulated NACs was diluted in a solution of FDP, a non-fluorescent
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Figure 5. (a) Bright field, (b) confocal, and (c,d) SEM images at two different
magnifications of BSA-NACs. [PLL] e = 0.13 mg/ml; [cit]fina = 2.1 mM;
[BSA]pnar = 3.1 mg/ml; [SiO; NP]fina = 7.9 wt%. BSA was conjugated to FITC.

substrate. Fluorescence emanated from the NAC shell wall and interior, due to
the presence of the fluorescein product, and increased in intensity with time
(Figures 7a-c). These images indicated the encapsulated enzyme was able to
dephosphorylate FDP, which implied that the substrate was able to diffuse
through the SiO,/polymer shell wall. This was consistent with our observations
of semipermeability of the NACs (72). Image analysis indicated that the in situ-
generated fluorescein accumulated within the shell wall and, to a lesser extent,
in the core interior. The fluorescence of the aqueous medium surrounding NACs
also grew in intensity, which was attributed to the diffusive release of
fluorescein product resulting from the concentration difference between the
shell wall and the exterior. The NACs did not degrade during the reaction after
30 min (Figure 7d) or even after 1 hr.

The possibility of AP adsorbing onto the external surface of NACs could
not be discounted, in spite of multiple washings of the AP-NACs after
encapsulation. We sought to remove any surface-bound enzymes by treating the
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Figure 6. (a,c) Bright field and (b,d) confocal microscopy images of (a,b)
disintegrated PLL-cit-BSA aggregates and (c,d) of BSA-containing SiO; NACs
incubated in protease enzyme for 15 hr time period at room temperature.

NAGC:s in a solution of protease, but during control experiments, we found that
AP was resistant to proteolytic degradation (13).

Recoverability and re-use of AP-NACs

Immobilized enzyme systems provides the advantage of recovering and re-
using the enzyme multiple times. To show recoverability and reuse for our
system, we used 4-NPP as the substrate (the AP activity assay used the same
substrate to quantify enzyme concentration).

The rudimentary testing was performed as follows. NACs were washed two
times with water to remove any un-encapsulated AP, and were suspended in a 4-
NPP solution (Figure 8). After 30 min, the reaction vial was centrifuged at 6000
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rpm and two-thirds of the supernatant (containing product and reactant) was
replaced with a fresh solution of 4-NPP. This was repeated for two more cycles.
The enzymatic activity of the encapsulated AP was measured at the end of each
30-min run by assaying the 10 ml supernatant withdrawn from the reaction
mixture. The amount of total enzyme charged to the reactor was set at 0.48 U
(0.07 mg), for both encapsulated (16 wt% loading) and free forms. Loss of AP-
NACs would have been a significant problem if all the supernatant (instead of
2/3) was removed after centrifugation.

The focus of these data is the comparison of the encapsulated and free forms
of AP with regard to recoverability. A brief description of the presented results
follows (Figure 9a). Point "0" marks the initial nitrophenol product
concentration at the beginning of the runs, and point "1" marks the concentration
at the end of the first cycle. Point "2" marks the decreased nitrophenol
concentration in the reaction flask after removing two-thirds of the supernatant
and replacing with equivalent volume of fresh 4-NPP solution. Point "3" marks
the product concentration at the end of the second cycle.

Two conclusions can be gleaned. (1) The free enzyme is more active than
the encapsulated form, based on the higher product concentration at the end of
the first cycle. Specifically, the molecular activity (which is a reaction rate
defined as the number of substrate molecules converted into product per minute
per enzyme molecule) of the encapsulated enzyme was measured to be 42% of
that of the free enzyme. The lower activity may have been due to transport
limitations imposed by the SiO,/polymer shell wall. Indeed, in a control
experiment, we found that AP-PLL-cit aggregates (i.e., without the shell) had the
same activity as free enzyme. Since these aggregates were structurally unstable,
they were not viable enzyme carriers.

It could be possible that the encapsulated AP molecules are less active due
to denaturation. To gain insight into this possibility, we treated AP-NACs with a
high-concentration NaCl solution (2 M) to break the capsules. The resultant
solution exhibited 92% of the molecular activity of the free enzyme, suggesting
that AP denaturation did not occur inside the NACs.

(2) The NACs substantially enhanced enzyme recoverability and re-use. The
molecular activities of encapsulated and free AP were normalized to their
respective initial molecular activities (from the first cycle; Figure 9c). The free
enzyme activity dropped more rapidly than AP-NACs in cycles 2 and 3, due to
the unavoidable loss of 2/3 of the enzymes after withdrawal of the supernatant.
At the end of the third cycle, only 10% of the initial enzyme amount was left. In
contrast, 40% of the encapsulated AP were recovered, supporting the anticipated
benefits of NAC encapsulation. The loss of any AP-NACs could be attributed to
capsule damage and subsequent enzyme leakage during the centrifugation step.
Optical microscopy confirmed that centrifugation of AP-NACs can result in shell
damage.
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Figure 9. Concentrations of nitrophenol product at the beginning and end of
three reaction cycles for (a) encapsulated AP and (b) free AP. The solid lines
were drawn to guide the eyes. (c) Relative enzymatic activity of encapsulated
and free forms with reaction cycle. Enzyme loading was calculated by
measuring the enzyme concentration of the supernatant, after dis-assembly
of the AP-NACs. Initial enzyme amount: 0.48 U (0.07 mg)
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Conclusions

A facile route for encapsulating sensitive biomolecules such as enzymes in
nanoparticle-assembled capsules (NACs) was demonstrated. Combining the
enzyme solution with PLL-cit aggregate suspension, and subsequent addition of
SiO, NPs led to the formation of stable enzyme-containing NACs. Enzyme
loadings as high as 18 wt% were achieved under benign synthesis conditions,
comparable to the highest enzyme encapsulation reported in literature. Acid
phosphatase was located in the NAC interior, with a likely higher concentration
at the inner shell wall. Experimentation with BSA-encapsulated NACs showed
the protective nature of the SiO,/polymer shell. The encapsulated AP were active
for dephosphorylation, indicative of diffusive transport through the NAC shell
wall. Finally, the encapsulated AP could be recovered through centrifugation and
re-used. These findings point to NACs as an interesting and new encapsulating
material, with opportunities for easily and non-destructively encapsulating high
loadings of other enzyme molecules within a robust and permeable shell.
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Recent progress in the synthesis of nano-structured materials
having desirable physico-chemical properties has opened the
door for the fabrication of more sensitive and stable biosensors.
In this chapter, we will describe the use of ordered
mesoporous carbons (OMCs) as matrix materials for enzyme-
based biosensors. The unique characteristics of OMCs,
including large pore size and surface area, enabled a high
loading of biocatalyst, which is a major requirement of
sensitive biosensors. Another useful feature, magnetism, was
added to produce a high-capacity magnetic enzyme carrier by
incorporating magnetic nanoparticles into the OMC. Enzymes
immobilized in the magnetic OMC were used to construct a
magnetically switchable electrochemical biosensing system in
which the catalytic electron flow can be controlled by a
magnetic force.
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In many biotechnological applications of enzymes including industrial
bioprocesses, immobilized enzymes have been widely used owing to their
technological and economical advantages over their free enzyme counterparts
(I). Various immobilization strategies have been developed to enhance the
operational and storage stability of biocatalysts, to improve resistance against
harsh environmental conditions, such as high temperature and non-aqueous
media, and to enable easy separation and repeated use of enzymes. Most of the
enzyme-based biosensors also employ the immobilized form of biocatalysts. In
this case, performance of the biosensor is highly dependent on two factors: the
amount of active enzyme near the electrode and the efficiency of the electron-
transfer between enzyme and electrode. Because properties of the enzyme-
supporting matrixes have great influence on such factors, the use of appropriate
matrix is of great importance in development of highly sensitive biosensors.

Various natural and non-natural polymers are widely used as the matrix for
the modification of electrodes (2, 3). Enzymes are generally entrapped in the
polymeric matrixes or immobilized in layer-by-layer format (4-6) in order to
deposit a sufficient amount of enzymes near the electrodes. Since few enzymes
permit direct electron-transfer from enzyme to the base electrode (7-9),
mediated transfer relying on diffusion of free electron mediators or relay through
static mediators immobilized in matrixes (7, 10, 17) is generally adopted. To
further improve the biosensor performance in terms of response time and
sensitivity, it is necessary to reduce the physical distance between the base
electrode and the enzymes to facilitate electrical communication, since not all
enzymes are in the proximity of the base electrodes. One method is to use
electrically conductive materials, like carbon or metals, as matrixes. However,
these materials should be properly shaped to meet some requirements: First, they
should have large empty space to accommodate enzymes, which also should be
easily accessible by macromolecules. In addition, they should be well equipped
with sub-structures, like channels or pores, to facilitate the transport of various
chemicals necessary for the enzyme and the electrochemical reactions. Surely,
some advanced synthesis techniques enabling percise control over sizes and
spatial arrangement of sub-structures are necessary to fabricate such materials.

Ordered Mesoporous Carbon Materials

Despite the recent progress in nano-scale manufacturing technologies,
bottom-up synthesis of nano-structured materials with desirable properties still
remains a challenge. There exist a few alternative and more practical ways. The
first attempt was to use porous carbon materials as matrixes for biosensor
application (/2). The pores can provide space for enzyme loading and also can
act as channels for substrate transport. However, the conventional methods for
introducing pores into solid materials, such as physical and chemical activation
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processes, generally result in irregular pore structures with broad pore size
distribution, which can cause poor and irreproducible loading of biocatalysts.
Furthermore, micropores (< 2 nm) are dominantly generated in such processes in
general, which poses a limitation on the size of biomolecules to be immobilized.

Synthesis and Structural Characteristics

In recent years, a novel approach has been developed for the synthesis of
carbon materials with more defined structures, which are designated as ordered
mesoporous carbon (OMC) materials (/3-15). They are produced through
template-based synthesis procedures, and mesoporous silicas with various
structures are generally used as the templates. If precise information on the
structure of the templates is available, it is possible to predict or finely tune the
dimensions and the organization of the sub-structures by modification of the
synthesis conditions. As a result, OMCs are characterized by highly ordered and
controllable pore structures with narrow pore size distribution. Such unique
structural properties ensure homogeneous and reproducible immobilization of
enzymes. In addition, the mesopores (with diameters > 2 nm, < 50 nm) and large
surface area and pore volume of the OMCs enable a high loading of biocatalyst
(16, 17). In this regard, OMCs synthesized using appropriate templates are
expected to provide well-characterized matrixes for the development of enzyme-
based biosensors.

Fabrication of biosensors using enzymes immobilized in OMCs was reported
(18). For the immobilization of glucose oxidase (GOx) with a molecular weight of
ca. 160 kDa and a size of 5.2 nm x 6.0 nm x 7.7 nm (/9), we synthesized an OMC
containing interconnected hollow cells with a diameter of ca. 30 nm (Figure 1). A
mesoporous silica having similar pore structure, called MSU-F (20), was used as
the template, and controlled incorporation and polymerization of carbon precursors
were used to obtain the OMC with large cellular pores. The resulting OMC,
designated as MSU-F-C, was revealed to possess three kinds of sub-structures (see
Figure 1): (a) interconnected hollow spherical cells (diameter ca. 30 nm). (b)
channels with the size of ca. 6 nm surrounding the cells, which were left empty
after removal of the silica template. (c) micropores with the size of ca. 0.6 nm
occurring throughout the carbon framework. From the size of GOx, it is expected
that most of the enzymes would be immobilized within the cellular pores. The
smaller mesopores and micropores can provide the channels for transport of small
chemicals (e.g. glucose).

Immobilization of Enzymes in MSU-F-C

The particulate form of MSU-F-C made the enzyme immobilization
procedure easy. Enzymes were readily immobilized in the pores of MSU-F-C
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Figure 1. TEM image (left) and schematic illustration (right) of MSU-F-C
showing the morphology and the sizes of sub-structures.

during mixing and shaking of enzyme solution with carbon matrixes. Kinetic study
using GOx revealed that the maximum loading of enzyme reached a level of
30~40 wt. %, and equilibrium was obtained in less than 1 hr regardless of initial
enzyme concentration. The enzyme immobilization isotherm was different from
the Langmuir type (/8), implying that the immobilization cannot totally be
explained by adsorption on the exterior carbon surface only. Reduction in gas
adsorption capacity of MSU-F-C after enzyme immobilization indicates that the
cellular pores are filled with enzymes (21, 22). A high correlation between enzyme
loading level and pore size was found (/8), showing that large pore size is a
prerequisite for high enzyme loading. Leaching of enzyme was negligible even
under high-speed shaking conditions, indicating that there might be a strong
interaction between enzyme and carbon surface, like hydrophobic interactions.
The connecting windows (Figure 1) are also believed to make a contribution to the
stability of the immobilized enzymes by providing a bottleneck-like structure,
which can prevent the leaching of enzymes from MSU-F-C (23-25).

Enzyme immobilization in another mesoporous media, mesoporous silica,
has been extensively studied (27, 22, 26-32). Despite several advantages of
silica matrixes, including an easily modifiable surface for covalent attachment
of enzymes, comparable enzyme loadings were observed only for small (< 3
nm) and basic (pI > 10) enzymes, probably owing to the negatively charged
silica surface (pI = 2~3) (22, 31). Furthermore, to prevent the leaching of
enzymes, a common problem of silica matrixes (22, 26, 32), additional
treatments, such as covalent attachment of enzymes (33) or formation of a
protection layer around the matrix (22), are necessary. By contrast, OMCs
generally exhibit high loading and stability for enzymes regardless of sizes and
overall charge states, which, along with the inherent conductivity of carbon,
makes them a better choice for the matrix for enzyme-based biosensors.
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Fabrication of Glucose Biosensor

A glucose biosensor was fabricated by immobilizing MSU-F-C particles
containing GOx on glassy carbon electrodes (GCEs) in Nafion film (34, 35).
Dissolved oxygen molecules were employed as electron mediators, which are
reduced to hydrogen peroxides by accepting electrons when GOx oxidizes
glucose, and then the resulting hydrogen peroxides are reoxidized on electrode
surface, generating an anodic current. Though a bare GCE is not a good
hydrogen peroxide detector (/2), modification with MSU-F-C significantly
increased its sensitivity to hydrogen peroxide by increasing the effective
electrode surface area (Table I).

Table I. Sensitivity to Hydrogen Peroxide and Measured Surface Area of
MSU-F-C-modified Glassy Carbon Electrode

Amount of MSU-F-C Sensitivity to H,0, Electrode Surface

Deposited (ug) (nA/mM) Area (cm’)
0.0 7.8 0.07
0.7 61.5 0.05
3.5 392.8 0.28
7.0 1405.4 1.53
21.0 3931.7 15.01
42.0 4768.7 23.43

Note: The electrode surface area was measured by chronocoulometry.

This result can be explained as follows: On GCE, most of the MSU-F-C
particles are electrically connected through physical contact between them. For
this reason, not only the GCE, but the MSU-F-C particles themselves can act as
electrodes due to their inherent electrical conductivity. Because each MSU-F-C
particle has large surface area (ca. 7 cm*/pg), the total effective electrode surface
area increases significantly. In addition, as mentioned earlier, the conductive
matrixes can reduce the length of the diffusion path through which the electron
mediators must traverse. In other words, the produced hydrogen peroxide can be
oxidized immediately on the carbon wall of MSU-F-C near the enzymes.
Consequently, the constructed biosensor showed a high sensitivity even without
additional hydrogen peroxide transducers like metal compounds which are often
employed by carbon-based enzyme electrodes to overcome their poor sensitivity
to hydrogen peroxide (35).



239

Magnetically Switchable Bioelectrocatalytic System

As described in the previous section, electrically interconnected
OMCl/enzyme particles can be used as a sensitive biosensing electrode. The
connection can be made reversible if the movement of the particles is
controllable. An example is a swichable electrochemical biosensing system
using external magnetic force (Figure 2) (36, 37). In this system, by changing
the location of enzymes immobilized in magnetic carriers, an electrical
connection between redox enzymes and electrode can be achieved or disrupted,
which, in turn, can switch on and off the current signal.

agnet
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Magnetic/Conductive Carrier /AN Substrate
Containing Enzymes NTTTV N\ 7 _ Current
T “——-—'
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Figure 2. Principle of the magnetically switchable electrochemical biosensing.
Expected voltammetric results are depicted schematically for switched off (left)
and on (right) states.

As demonstrated in the previous section, OMCs can be excellent enzyme
carriers in terms of loading capacity, retention of biocatalysts, and electrical
properties. In order to make a magnetically switchable bioelectrocatalytic
system using OMC as an enzyme carrier, we attempted to synthesize a magnetic
OMC by incorporating magnetic nanoparticles into the OMC.

Synthesis of a Magnetic OMC, Mag-MCF-C
A simple synthesis route to magnetic OMC was developed (36), in which

the carbonization and the generation/incorporation of magnetic nanoparticles
proceeds simultaneously through the solid phase conversion of iron salt to
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nanoparticles (38). The resulting material, designated as Mag-MCF-C, was
found to have an overall carbon structure similar to MSU-F-C, characterized by
the co-existence of the three types of sub-structures mentioned earlier. Electron
microscopy and magnetic property analysis revealed that ferromagnetic
nanoparticles were generated and well distributed mainly on the exterior surface
of Mag-MCF-C (36).

Enzyme Immobilization and Construction of a Magnetically Switchable
Biosensing System

Owing to the structural similarity, the Mag-MCF-C showed enzyme loading
capacity, immobilization kinetics, and stability for GOx similar to MSU-F-C’s
(36). A switchable glucose sensing system was constructed using GOx
immobilized in the Mag-MCF-C. A ferrocene derivative was employed as a
soluble electron mediator. By changing the location of Mag-MCF-C using an
external magnetic field, the current signal could be switched repeatedly without
loss of signal (36).

Conclusion and Perspectives

The unique structural properties and inherent electrical conductivity of
OMC enabled the development of highly sensitive and stable biosensors. Further
improvement can be made in some aspects. For example, electron mediators co-
immobilized with enzymes can improve the electron-transfer efficiency.
However, direct incorporation of small-size redox mediators is difficult because
they can be easily leached out owing to the relatively large pore size of OMCs
and the chemical modification of carbon surface for covalent attachment of
mediators is not a simple task. Metallic nanoparticles (9, 39) or polymers
modified with mediators (6) might be used as alternatives. OMCs can have
applications other than enzyme-based biosensors. In immunoassay, antibodies
labeled with enzymes are widely used for sensitive detection. By increasing the
number of enzyme labels, the detection signal can be further amplified (40, 41).
Due to the high protein loading capacity of OMCs, it is possible to immobilize
probe proteins, such as antibodies or avidin, together with a large number of
enzyme labels that transform the recognition events into highly amplified optical
or electrochemical signals. It is expected that through the combination of these
possibilities, OMCs can find wide applications in the field of enzyme-based
biosensing system.
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Recent studies have demonstrated the applicability of
biomineralization reactions to create an inorganic support
matrix suitable to enzyme immobilization. The enzyme/
inorganic nanocomposites exhibit excellent mechanical
stability and provide an effective method for developing
immobilized enzyme reactors, applicable to biocatalysis,
biosensors and drug discovery.

Introduction

Enzymes are remarkably versatile catalysts, but in their native soluble form
are often labile in the absence of stabilizing agents and are difficult to recover
from reaction mixtures. Immobilization of enzymes is therefore frequently
employed in an attempt to stabilize enzyme activity and allow reuse of the
catalyst. Enzyme immobilization methods primarily involve adsorption,
attachment or encapsulation of biomolecules onto or into a solid phase (1-7). A
range of silicates have been investigated for enzyme immobilization, either by
attachment to functionalized mesoporous silica or encapsulation within sol-gel
composites, but processing limitations have restricted widespread applicability
(2,4,6,7).

© 2008 American Chemical Society 243
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Silicification for enzyme immobilization

Silaffin polypeptides in diatoms catalyze the biomineralization of silica to
form the exoskeleton (8,9). The biosilicification reaction can be mimicked in
vitro by utilizing synthetic peptides (e.g. R5) based on the native silaffin
sequence or from silica-binding peptides identified from combinatorial peptide
libraries (8-13). Silica formation is also observed in the presence of simple
cationic polymers such as polyethyleneimine and by proteins such as lysozyme
and silicateins, producing silica nanospheres with a range of morphologies

(Figure 1) (14-18).

) "* v
M oer
Figure 1. Synthesis of silica nanospheres catalyzed by tetramethylorthosilicate

and (a) polyethyleneimine, (b) RS peptide and (c) lysozyme , as viewed by SEM
analysis. (From references 15, 18, 19).

The silica-precipitating species becomes entrapped during the generation of
the silica matrix suggesting the potential of the silicification reaction to also
encapsulate additional enzymes inside the silica matrix. In practice, the mild
encapsulation chemistry and high biocompatibility of the reaction provide a
rapid and highly efficient method for immobilizing a wide range of
biomolecules (Table I). The biomimetic silicification reaction yields a network
of fused silica nanospheres, providing a high surface area for encapsulation and
permitting high enzyme loading capacities of up to 20% w/w (19).

The exceptional stability of the silica-immobilized enzymes under
operational conditions, dramatically increases the versatility of the biocatalysts.
Silica-immobilized butyrylcholinesterase (BuChE), for example, could be stored
in aqueous solution at room temperature with no loss of initial enzyme activity,
whereas free enzyme under identical conditions lost activity rapidly. The
thermostability of the immobilized enzyme was also significantly enhanced.
Silica-immobilized BuChE for example retained enzyme activity after heat-
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Table I. Immobilization efficiency of a range of enzymes in silica

nanoparticles
Enzyme Immobilization efficiency Data from
(expressed enzyme activity) | Reference
Buty: ylcholinesterase > 90% (19)
Catalase 100% (20)
Soybean peroxidase 65 - 85%
Horseradish peroxidase > 90% (20)
Bromoperoxidase 35-48%
Hydroxylaminobenzene mutase 44 - 67% ~(21)
Organophosphate hydrolase 25-35%
Nitrobenzene nitroreductase ~80% “ (15)

* Immobilized in silica formed from polyethyleneimine and tetramethylorthosilicate
(TMOS). All other enzymes are immobilized in silica formed from RS peptide and
TMOS.

treatment of up to 65°C; conditions which caused rapid denaturation of soluble-
BuChE. The enhanced enzyme stability can be attributed to the stabilizing effect
of the silica support matrix, which prevents the conformational changes typical
of enzyme denaturation (79).

Biotechnological application to continuous flow systems

A stable immobilized-enzyme preparation is attractive for a wide range of
applications, particularly facilitating application to continuous flow-systems.
Enzymes catalyze a wide variety of processes that can be exploited for example, in
biocatalysis; for the production of novel synthons or drug intermediates. Enzymes
also possess a wide range of pharmacological activities and are often investigated
for therapeutic effects in drug discovery. Inhibitors of cholinesterase enzymes for
example, can be used for the treatment of disorders such as Alzheimer’s disease
(22,23) and nitroreductase enzymes are key activators of prodrugs for cancer
therapy (24,25). The applicability of silica-encapsulated enzymes was, therefore,
further evaluated with respect to the specific systems described above to provide
insight into the versatility of the method.

Immobilized Enzyme Reactors for Cholinesterase Inhibition Studies

Immobilization of enzymes in packed columns specifically designed for
continuous flow systems are often referred to as immobilized enzyme reactors
(IMERs) (26-30). IMERs consisting of immobilized cholinesterase for example
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have been investigated in drug screening to identify inhibitors for treatment of
disorders of the central nervous system, such as Alzheimer’s disease. Current
IMER configurations however, often exhibit specific drawbacks such as low
loading capacity and long preparation times (37-34).

An IMER consisting of silica-immobilized BuChE was investigated in an
attempt to circumvent some of the current limitations of IMER preparations.
Silica-immobilized BuChE was prepared in two alternate column configurations;
1) a fluidized bed and 2) a packed-bed. For the fluidized bed system, substrate
conversion was complete for over 12 hours of continuous flow with no loss in
enzyme activity or conversion efficiency. The fluidized-bed system could also be
operated at higher flow rates with no loss in activity, but with comparably lower
conversion efficiency due to a reduced contact time within the column. In the
packed-bed system, however, the conversion rate decreased with time. The silica
particles became packed under continuous flow conditions, leading to
compression and eventual channeling of the silica particles (79). Thus, the
mechanical stability of the silica-immobilized enzyme was well suited to flow-
through systems but the configuration of the column packing required
optimization.

In order to avoid the above mechanical limitations, the silica-immobilization
technique was modified such that the silica particles form and attach
simultaneously to a commercial pre-packed column via affinity binding of a
histidine-tag on the silica-precipitating peptide (35) (Figure 2). The modified
method was used to prepare a butyrylcholinesterase immobilized enzyme reactor
(BuChE-IMER). A metal ion affinity chromatography column charged with
cobalt ions selectively binds histidine residues on proteins or peptides. A (His)s-
homologue of the RS peptide therefore selectively binds to the cobalt coated
surface. The silicification reaction occurs and integrates with the peptide bound
to the column, resulting in formation of silica nanospheres attached to the
surface of the agarose beads and the concurrent immobilization of the enzyme
(Figure 2). The location of the histidine-tag on the silica-nucleating peptide
rather than on the protein eliminates any need for recombinant modification of
the protein of interest.

The addition of histidine residues at either the carboxyl-terminus or amino-
terminus of the silica-precipitating peptide did not affect the silicification
reaction. The resulting BuChE-IMER exhibited high loading capacities and an
immobilization efficiency approaching 100%. When connected to a liquid
chromatography system, the columns could be operated at a wide range of flow
rates (up to 3 ml/min) with low back pressure (Figure 3). Multiple substrate
injections by means of an auto sampler provided rapid and reproducible analysis,
with no significant loss in enzyme activity or conversion efficiency during
continuous flow.

The hydrolysis of substrate by cholinesterases is decreased by the presence
of inhibitors from which inhibition constant (ICsp) values can be derived. The
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Figure 2. Immobilization of silica beads to agarose beads via affinity binding. A
pre-packed affinity chromatography column (a) containing agarose beads (b) is
coated with silica (c) by incubation of a histidine tagged-synthetic R5 peptide
and TMOS (as viewed by SEM analysis). The (His)s-R5 peptide sequence is
shown. Data from reference 35.

BuChE-IMER can thus be utilized for rapid analysis of inhibition
characteristics. A range of cholinesterase inhibitors were investigated and
exhibited a concentration-dependent response, from which inhibition constants
could be determined (shown in Figure 3b for the inhibitor, Tacrine). The IMER
was stable for more than 50 hours of continuous use. In addition, the reusability
of the IMER significantly reduces the amount of enzyme required for analysis.

The bioencapsulation strategy described above provides a rapid route for
synthesizing IMER systems and provides a model system applicable to a range
of formats. The method is also scalable to applications ranging from a
microfluidic format for biosensors to large-scale for biocatalysis. Two further
examples of silica-immobilized enzymes in packed columns for 1) drug
discovery and 2) biocatalysis for drug synthesis will be discussed in more detail
below.

Microfluidic Immobilized Enzyme Reactors for Drug Discovery

Nitroreductase enzymes are used to activate prodrugs to a cytotoxic
derivative specific to tumor cells (24,25). Nitroreductase enzymes catalyze the
reduction of a nitro group (strongly electron-withdrawing) to the corresponding
hydroxylamine (electron-donating), which results in a large electronic change
and provides an effective enzyme-mediated electronic ‘trigger’. Nitroreductase
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enzymes are also known to activate nitrofuran antibiotics by reduction to the
corresponding hydroxylamine intermediate, which causes the fragmentation of
DNA (36,37). Despite the pharmacological relevance of nitroreductases, there
are few reports documenting immobilization of such enzymes for drug
discovery.

Nitroreductase enzymes were encapsulated in silica formed by a simple
cationic polymer; polyethyleneimine (PEI). PEI precipitates silica in a reaction
homolngous to biogenic systems but with a significant reduction in cost (75).
The resulting silica particles proved suitable for encapsulation of nitrobenzene
nitroreductase (NbzA) from P. pseudoalcaligenes JS45 with immobilization
yields of greater than 80% and high retention of enzyme activity (45 — 55 %)
(15).

The main selection criteria for prodrug formulations are a high affinity for
substrate and a differential toxicity between the active species and the prodrug.
The affinity of the immobilized-NbzA was therefore determined for
nitrobenzene, an anticancer prodrug (CB1954) and a proantibiotic
(nitrofurazone). The kinetic properties of the immobilized NbzA were
comparable to those of the soluble enzyme, indicating that immobilization was
not detrimental to enzyme activity. Nitrofurazone was a poor substrate for NbzA
(high K, value) whereas the K, value for CB1954 was very low, indicating a
high affinity for substrate activation of CB1954 in comparison to other bacterial
nitroreductases (Table II).

Table I1. Kinetic characteristics of nitroreductase enzymes

E. coli P. pseudoalcaligenes JS45 (NbzA)
(NTR)
Soluble Silica-Immobilized
Nitrobenzene ND 2.3 (£0.35) 2.0 (£0.23)
CB1954 862 11.7 (= 1.0) 33.7(x4.5)
Nitrofurazone 64 1763 (+ 572) 5123 (£ 687)

Data from reference 15. All data represent K, values in uM

As demonstrated previously for encapsulation of BuChE, the silica-
immobilization method conferred enhanced stability to NbzA. Immobilized
NbzA retained enzyme activity when stored at 4°C for several weeks and
exhibited dramatically higher thermostability than the soluble enzyme (75). The
enhanced stability in this system is thought to be a consequence not only of the
physical support provided by the silica matrix but also the protective nature of
PEI itself (38-40).

The small size (< | pm diameter) of the silica-encapsulated NbzA particles
provides a high surface to volume ratio considered suitable for microfluidic
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flow-through systems (41). Silica-encapsulated NbzA was therefore packed into
a microfluidic device and demonstrated high conversion efficiencies under
continuous flow conditions and at a range of flow rates. At 1 pl/min”, for
example nitrobenzene, CB1954 and nitrofurazone were all converted
stoichiometrically and conversion of nitrobenzene (>90%) could be maintained
for more than 3 days of continuous operation.

Immobilized Enzyme Reactors in Biocatalysis

In whole cells of Pseudomonas pseudoalcaligenes JS45, the NbzA
described above reduces nitrobenzene to hydroxylaminobenzene (HAB), which
undergoes further transformation by HAB mutase to form ortho-aminophenol
(Figure 4). The activity of NbzA and HAB mutase in concert catalyze the
conversion of a range of nitroarenes to yield novel ortho-aminophenols (42,43),
but the use of NbzA for biocatalysis is limited by its requirement for NADPH.
The NADPH-dependent reduction of nitroarenes can be replaced however, by a
zinc-catalyzed chemical reduction. HAB can then be enzymatically rearranged to
ortho-aminophenol by HAB mutase, an enzyme with no cofactor requirements.

NO, NHOH NH,
OH
—— —_—
Nitrobenzene Hydroxylamino -
nitroreductase benzene mutase

Figure 4. Enzymatic synthesis of ortho-aminophenol

To demonstrate the applicability of the approach, HAB mutase was
immobilized and packed into a column and connected in series to a second
column containing zinc. Nitrobenzene (I mM) was pumped through the two
columns and ortho-aminophenol was produced continuously for over 5 hours
with a conversion efficiency approaching 90%. The flow-through system could
be operated at higher flow rates and substrate concentration (5 mM at 0.5
ml/min) with a conversion efficiency of approximately 70%, which could be
maintained for over 8 hours (21).

The use of the zinc/mutase flow-through columns was applied to the
formation of a novel antibiotic. The biosynthesis of antibiotics using bacterial
cells is limited due to the biocidal properties of the product, for which the
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immobilized enzyme system provides an attractive alternative. Chloramphenicol
contains an active nitro substituent which was converted stoichiometrically to the
corresponding aminophenol analog by passage through the zinc and immobilized
mutase column in series. At a flow rate of 0.25 ml/min, continuous synthesis of
the novel product was maintained for a period of 24 hours (2]).

Conclusion

Enzyme immobilization methods have been widely investigated for many
years, but recent developments in stabilizing enzymes within biomimetic
inorganic matrices substantially extends the range of operational stabilities.
Nano-sized materials offer a number of intrinsic advantages such as high surface
areas which lead to high loading capacities. Silica-encapsulation has proven to
be a versatile method for immobilizing biocatalytic activity and is applicable to a
wide range of biomolecules. In addition, the morphology of the particles can be
controlled by modifying the reaction conditions during silica formation (13, 44-
46). The primary limitation to broad application is the cost of synthesizing
peptides required for silica formation. The use of synthetic polyamines for the
silica precipitation reaction however, provides a significant reduction in cost and
a realistic opportunity to develop the method for large-scale synthesis of
immobilized enzyme preparations. The use of lysozyme to catalyze the silica
precipitation (18) also imparts the additional benefit of antimicrobial activity to
the resulting silica nanoparticles. Lysozyme/silica composites therefore provide
antifouling properties to the encapsulated catalysts, for potential use as
antibacterial coatings. We anticipate that the resulting silica-encapsulated
catalysts will find significant and widespread application in the design of
biosensors and for biocatalysis and drug discovery.
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Nanofibers fabricated via electrospinning have drawn much
attention nowadays due to its large surface area, and easy
production of nanoscaled structure for interaction with
biomolecules. This chapter presents an overview for the recent
applications of nanofibers as scaffolds for enzyme
immobilization. This chapter contains a) brief introduction to
conventional nanofiber production via electrospinning, b)
recent application of nanofibers as scaffolds for enzyme
immobilization and c) its application to biocatalytic system.

254 © 2008 American Chemical Society
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Nanometer-sized materials are of considerable interest in analytical
chemistry and biotechnology due to their potential applications in bioassay,
medical diagnostics, and catalysis. The recent advances in the creation of new
nanomaterials and nanoscaled devices trigger off the new direction of biological
research (/). The nanofibers for the application in many biotechnology areas
have drawn much attention nowadays. Depending on polymer materials used,
various surface functionalized nanofibers could be produced. In this chapter, an
overview on the recent application of nanofibers for biological applications,
especially as scaffolds for enzyme immobilization, is presented.

Electrospinning for the production of nanofibers

The electrospinning, melt-blow, phase separation, self-assembly and
template synthesis methods have been used to produce polymer nanofibers for
different usage for a long time (2-6). Among these methods, electrospinning
method uses very simple apparatus and units for operation, and very flexible in
the range of polymeric materials selections. Typically, electrospinning apparatus
consists of capillary connected with a metallic needle, a high voltage supplier,
and conductive collectors. When high voltage is applied, polymer solution in the
capillary under electrostatic repulsion and Columbic force excluded on the
surface of collectors from the needle. During the elongation of polymer solution
on the collectors, the solvent is evaporated and nano-sized fiber is deposited in
non-woven mat forms randomly (Figure 1.). The property of nanofibers
generated depends on viscosity of polymer solution, the distance between the
collector and needle, the strength of voltage applied, and the diameter of the
capillary used. Depending on the electrospinning apparatus used, nanofibers
could be also fabricated in a hollowed fiber form, porous form, or core-sheath
form, respectively (7-10) .

Many polymeric materials can be used for producing nanofibers via
electrospinning process. Early work on nanofiber fabrication with the
electrospinning method dealt with organic polymers mostly. Recently, materials
used for electrospinning process expanded to inorganic/polymer or
nanomaterials to confer new physicochemical characters to nanofibers.
Furthermore, nanofibers could be functionally modified with a variety of
different materials having surface functional groups, which were derived from
polymer itself after electrospinning process (8). For many applications,
nanofibers could be controlled in spatial orientation of 1D structure based on the
collector format. Rotating drum as collectors allowed that nanofibers were
oriented to each other in parallel (/7). Li and Xia demonstrated that the
production of geometrical alignment of nanofibers using pair of split electrode.
By using spatial electrode, nanofibers could be aligned axially between
electrodes (8,72).
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Strategies on enzyme immobilization with nanofibers

Nanofibers supply large surface areas and small size-strings for
immobilization of biomolecules. Concerning the practical approach of enzyme
immobilization, the bigger surface to volume ratio from supporting scaffolds is
desirable to achieve high catalytic efficiency. Therefore, it is quite hopeful to use
nanofibers as scaffolds to confer high enzyme loading in immobilization. Also,
the porous nanofibers can reduce diffusional resistance of the substrate in the
reaction. In terms of polymeric materials selected, various nanofibers could be
produced easily (/3,14), depending on the demanding characteristic between
enzymes and nanofibers. As mixing different polymer solutions, nanofibers
could be produced directly via electrospinning and they could be used as
scaffelds for biomolecules immobilization without further functionalization
process. Because of these attractive features, electrospun nanofibers have drawn
much attention as scaffolds for enzyme immobilization. Stability is also
important for the application of biocatalytic system. Generally speaking,
immobilized enzyme may have good stability in process than free enzyme, but
their reusability still is in question. The scheme of enzyme immobilization on
nanofibers followed conventional enzyme immobilization methods, which are
covalent attachment, enzyme aggregate coating or entrapment in solid supports
(Figure 2). There are several strategies studied for efficient enzyme
immobilization with nanofibers.

Jia and co-workers pioneered work of enzyme immobilization on the surface
of nanofibers and resulted in high loading capacity of enzymes because of large
surface area of nanofibers (/5). They achieved functionalization of polystyrene
nanofibers after electrospinning and a-chymotrypsin was immobilized with 27 %
coverage of enzyme molecules on the external surface of nanofibers. The activity
of immobilized enzymes on the nanofibers was improved in both aqueous and
organic solvents such as hexane and isooctane. The half-life of the covalently
attached enzyme on the surface of nanofibers in organic solvents was 18-fold
higher than that of free enzymes, suggesting that the covalent bonding enhanced
the enzyme stability (Figure 2 (a)). Other approach was also introduced the
immobilization of enzyme on the surface of nanofibers. Poly (arculonitrile-co-
maleci acid) (PANCMA) was used to fabricate nanofibers for enzyme
immobilization by Ye and co-workers (/6). In their work, lipase from Candida
rugosa was immobilized via activating carboxylic groups of PANCMA
nanofibers with 1-ethyl-3—((dimethylamono) propyl) carodiimide hydro-
chloride/N-hydroxylsuccinimide (EDC/NHS) coupling reaction. The diameter of
PANCMA nanofiber was controlled from 100 nm to 600 nm by changing
concentration of PANCMA in solution. Depending on fiber diameters, amounts
of enzyme loading could be controlled. However, this needs further
functionalization after nanofiber fabricated for enzyme immobilization.

Recently, Kim and co-workers reported successful development of enzyme-
nanofiber composite for highly active and stable biocatalysis application by
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Figure 2. Strategies of enzyme immobilization using nanofibers (a) covalent
attachment, (b) enzyme aggregation coating and (c) enzyme entrapment.

aggregating enzyme coating on the surface of nanofibers (/7). Nanofibers
consisting of a mixture of polystylene (PS) and poly(styrene-co-maleic
anhydride) (PSMA) were fabricated via electrospinning. In this study, maleic
anhydride group of PSMA acts as the linker for covalent attachment of enzyme
molecules (a-chymotrypsin). It leads to direct immobilization of enzymes on the
surface of nanofibers without further surface functionalization of nanofibers after
fabricating. Covalently attached enzyme molecules on the nanofibers act as seed
and cross-linker was treated to achieve enzyme-aggregate coatings around
covalently attached enzymes (Figure 2 (b)). These enzyme-nanofiber composites
could be recovered easily and has reusable characteristic for long a while more
than a week without loss of initial activity in aqueous media (Figure 3).

Herricks and co-workers prepared polymer nanofibers carrying enzymes
by electrospinning a solution mixed with enzyme and polymer in toluene
directly (Figure 2 (c)) (18). This method used internal structure of nanofibers to
entrap enzymes while covalent attachment or enzyme aggregating approach uses
only external surface of nanofibers. For this, an enzyme (o-chymotrypsin) was
transferred and stabilized in organic solvent as treating ionic surfactant. Ionic
surfactant changed the surface charge of enzyme molecules in the organic
solvents and it makes enzyme and polymer solution exist homogenously.
Enzyme-polymer composites have been electrospinned to produce enzyme
entrapped nanofibers directly. Additional cross-linker (glutaraldehyde) treatment
could stabilize the enzyme activity more than two weeks. Also, they showed
improved activity of enzyme entrapped nanofibers over bulk films due to the
increased mass-transfer rate of substrate. This approach produces highly durable
nanofiber-based biocatalytic mats but still needs to solve the mass transfer
limitation because outer layer of nanofibers around enzyme entrapped still
be act as a barrier to contact with substrates. Xie and Hsieh studied enzyme
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Figure 3. Comparison of stability of a-chymotrypsin (CT) coating nanofibers,
covalently attached chymotrypsin on the nanofibers and free enzyme. Adapted
with permission from Ref [17]. Copyright 2005 IOP Publishing Ltd.

encapsulation in nanofibers more systematically (/9). In this study, spinning
status was observed by controlling ratio of polymer and casein. They showed an
optimum ratio existed between polymer and enzyme in order to make a
continuous fiber form via electrospinning process.

Application of enzyme immobilized nanofibers

Covalent attachment, aggregate coating or entrapment of enzymes with
nanofibers yields highly active and stable systems for the applications in the
various fields such as bioconversion, biomedicals, and biosensors. There are
several recent applications in these fields using enzyme-nanofiber composites.
Wu and co-workers have demonstrated that porous membranes made of poly
(vinyl alcohol) (PVA) are good scaffolds for cellulase. This application showed
that cellulase entrapped in nanofibers could be applied to enzymatic
biotransformation process (20). In their application, cellulase and PVA mixture
was directly electrospunned and formed porous membrane. As comparison with
PVA casting films, nanofiberous membrane enhanced not only an enzyme
loading capacity but also an enzyme activity per gram of scaffolds. They reused
it up to 6 cycles with 40 % initial activity. But the reusability of enzyme
entrapped nanofibers was less hopeful in their application.
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On the concerns about drug delivery systems, nanofibers could be also used
as carriers for protein drugs which should be released at position of target organ.
Zeng and co-workers investigated protein release properties from the nanofiber
scaffolds (27). Although they used non-drug enzyme in their study, they showed
the possibility using enzyme-nanofiber composites in this application. BSA or
luciferase loaded poly (vinyl alcohol) (PVA) nanofibers were produced via
electrospinning and these composites were coated with ploy (p-xylene) (PPX) by
chemical vapor deposition. Based on the coating thickness of PPX, release of
BSA was retarded and controllable. Although systematic studies on structural
and morphological characteristics of nanofibers used as drug carrier-scaffolds is
still needed, it could be possible to use nanofibers as drug delivery scaffolds.

Because of flexibility in the use of various polymeric solutions, nanofibers
could be fabricated easily with inorganic or organic nanomaterials during
electrospinning for the biosensor application. By incorporating nanomaterials
such as carbon nanotubes (CNTs) to nanofibers, new characters could be
conferred. The CNTs inside the nanofibers behave either as electron acceptors
and donors for the immobilized redox enzymes. It could lead high activity of
composed enzyme-nanomaterials. In addition, nanofibers in a formed membrane
form are good scaffolds to hold nanomaterials, which make composite materials
easily applicable to various application areas. Wang and co-workers produced
multi-wall carbon nanotubes (MWCNTSs) containing poly(acrylonitrile-co-
acrylic acid) (PANCCAA) nanofibers (22). Redox enzyme (catalase) was
immobilized by EDC/NHS coupling to produce nanofibers-MWCNTs-enzyme
composites. The PANCC/MWCNTSs nanofibers could hold more enzymes than
that without MWCNTSs because the porosity was increased. Also, enzyme
activity with MWCNTSs was enhanced by 42% because MWCNTs was attributed
to promote electron. This result showed nanofibers could be used as scaffolds for
enzyme mediated biosensors and enhanced its sensitivity by blending with other
appropriate nanofibers.

Non-woven mat form of nanofibers could be used to hand held biosensors.
Patel and co-workers produced a non-woven mat formed nanoporous silica
containing nanofibers as a matrix for encapsulation of horseradish peroxidase
(23). Porous silica nanofiber mats were fabricated with higher surface area than
that of only using a polymer solution and showed four fold enhancements in the
enzyme activity. By introducing several viscous solutions with enzymes and
nanoporous silica, diameters and pore size could be controlled. The nanofiber
mats containing enzymes showed its activity by converting hydrogen peroxide to
water in the conversion process of 4-aminoantipyrine to quinoneimine. This
reaction turned color of nanofiber mats from white to red, and so the presence of
target compounds could be identified with naked eyes.

Not only enzymes but also tissues have been incorporated with nanofibers.
Because nanofibers could mimic the fibrous organ in biological body, their
application will be amended gradually and more biological application will be
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developed with various types of nanofibers in the future. Especially,
biodegradable scaffolds must be important in tissue engineering. Polymeric
nanofibers are considered as scaffolds for tissues such as bones, blood vessels,
nerve and so on because of its ability to mimic natural extracelluar matrix and
versatility with other materials such as inorganic components, growth factors,
other cell regulatory biomolecules (2,24,25). Aligned poly(L-lactide-co-
caprolactone) (PLLA-CA) nanofibers was studied for blood vessel application
(26). Recently, Yang and co-workers produced poly (L-lactic acid) (PLLA)
nanofibers as scaffolds for nerve stem cells (25,27). Not only these applications,
nanofibers scaffolds for other biomolecules are of interest in various
biotechnology fields.

Concluding remarks

The recent advances in nanofiber fabrications with various materials have
drawn considerable attentions in many fields of biotechnology. The fabricating
methods of nanofibers with electrospinning are suitable for various applications
with various nanomaterials and biomolecules. Because of its easy fabrication and
flexibility to choose various polymeric materials, nanofibers have drawn
attentions for application in many fields of biotechnology. Especially, nanofibers
as scaffolds of enzyme immobilization were briefly reviewed in this article.
There is growing interest on enzyme-nanofiber composites as sources of stable
and active biocatalytic systems. They are attractive for bioremediation,
biosensors and bioconversion, which needs stable enzyme systems. However,
controlling process for uniform diameters, defect-free, or alignment of
nanofibers scaffolds still need to be solved. Still remained much improvement, it
is believed that nanofibers will have more biotechnological applications in the
very near future.
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The possibility of developing hydrogen gas as an environmentally friendly
alternative fuel has received considerable attention'®. However, the majority of
hydrogen produced for energy yielding applications is generated by the process
of reforming methane or fossil fuels”®. Thus, we are not in a position to develop
a hydrogen energy economy that is independent of nonrenewable fossils fuels.
A renewable source for the production of hydrogen is needed for the
development of hydrogen as an alternative fuel.

We have taken a biomimetic synthetic approach to the synthesis of efficient
catalyst systems for H, formation. We have combined the advantages of
biological control and the strengths of synthetic chemistry to create novel
materials with tailored catalytic properties. A major goal of biomimetic
chemistry is to couple biological molecules with synthetic capacity to create new
functional materials showing dramatic property enhancements. By interfacing
hard inorganic materials (metals) with soft biological materials (proteins), we
can create new composite materials with controlled multifunctionality.

With the high cost and limited supply of platinum, it is necessary to explore
ways of maximizing the catalytic efficiency of Pt on a per atom basis in order to
develop economically feasible catalysts. In a particle based approach toward
developing a Pt catalyst, it is necessary to minimize the diameter of the particle
and thus increase the surface area (i.e. the number of exposed Pt atoms per
particle). A number of different synthetic approaches have been used to

synthesize platinum nanoparticles using different passivating layers” .
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However, the passivating layers generally interfere with the exposed Pt atoms
and reduce catalytic efficiency’. In this study, we have employed the protein
cage of ferritin as a synthetic platform, which, unlike a passivating layer, does
not coat the entire surface of the nanoparticle but still isolates the nanoparticle in
solution and prevents aggregation.

We have previously demonstrated that protein cage architectures can be
used as bio-templates for the synthesis of encapsulated nanomaterials'®?".
Protein cage architectures are structurally-defined, container-like assemblies.
They are self-assembled from a limited number of protein subunits in which the
interior and exterior surfaces are chemically distinct. Through genetic and
chemical modifications, reaction sites can be inserted into specific locations
within the cage architecture to create designed functionality””. Protein cages
have been used to not only to define the size and shape of nanomaterials but
also the crystal phase®.

We have adopted this biomimetic approach to create a ferritin-based catalyst
for the production of H,. Ferritin is a remarkably stable protein architecture that
assembles from 24 subunits into a 12 nm cage defining an 8 nm interior cavity
(Figure 1). Ferritin is an iron storage protein found a nearly all organisms and

Figure 1. (A) Space filling representation of the horse spleen ferritin cage (pdb:
IAEW). (B) Cut-away view of ferritin showing the interior cavity of the cage.

has been used as a platform for the synthesis of a range of nanoparticles,
including catalysts such as palladium®®*?®. We have previously shown that
catalytically active platinum nanoparticles can be synthesized inside another
protein cage, the small heat shock protein from Methanococcus jannaschii. In
the current study, we have demonstrated synthesis and activity of Pt
nanoparticles within the ferritin protein cage architecture.
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The synthesis of ferritin encapsulated Pt nanoparticles was undertaken
using synthetic methodology similar to previously reported”. Briefly outlined,
demineralized and purified apo-ferritin (5 mg, 0.01 umoles) was incubated with
either 250 or 1000 PtCl,> per protein cage at 65°C for 15 minutes. Reduction
with dimethylamine borane complex ((CH;),NBH,) resulted in the formation of
a brown colored solution. Characterization of the reaction product by size
exclusion chromatography revealed retention volumes identical to untreated
ferritin and showed co-elution of protein (280 nm) and Pt (350 nm) components
(Figure 2). Dynamic light scattering indicated no change in the particle

Ll

/. Apoferritin
8 f 1 T I T T 1
& A e 280 A
2 / \ — - 350 nm
8-—4 5
Pl
=4

Lt

_ﬂ/ - \M s 250 PYFerritin
i T T 1 i ]
0 5 10 15 20 25 30 35
Volume (ml.)

Figure 2. Size exclusion chromatography of ferritin. (4) Unmineralized ferritin,
(B) Ferritin mineralized with 1000 Pt/ferritin showing coelution of protein (280
nm) and mineral (350 nm), and (C) Ferritin mineralized with 250 Pt/ferritin
showing coelution of protein (280 nm) and mineral (350 nm).

diameter after the reaction. Transmission electron microscopy (TEM) of the Pt-
treated ferritin (Fn-Pt) revealed homogeneously sized electron dense cores 1.9 +
0.8 nm in diameter (Figure 3A). These particles were identified as Pt metal by
electron diffraction as a powder pattern was observed (Figure 3A, inset) with
the d-spacings shown in Table 1. Negatively stained TEM samples displayed 12
nm protein cages with Pt particles clearly localized within the cage structure
(Figure 3B). For theoretical loadings of 1000 Pt/cage, nanoparticles of 1.9 + 0.8
nm were observed (Figure 3C) and for loadings of 250 Pt/cage, particles of 1.8 +
1.2 nm were observed (Figure 4). Ferritin-free control reactions resulted in the
formation of aggregated Pt colloids, which rapidly precipitated from solution.
Control reactions using bovine serum albumin (BSA), at the same total protein
concentration, also resulted in bulk precipitation and only a fraction of the Pt
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Table 1. Measured d-spacings

Miller d-spacing Measufed
Index d-spacing
111 2.265 2.304
200 1.961 1.965
220 1.387 1.140
113 1.183 1.195

Figure 3. (A) TEM of ferritin 1000 Pt unstained. The inset shows electron
diffraction of P{’ from ferritin 1000 Pt. (B) TEM of ferritin 1000 Pt stained with
2% uranyl acetate. (C) Histogram of Pt particle diameters in ferritin 1000 Pt.
Average 1.9 £ 0.8 nm from 215 particles. Scale bar = 50 nm.
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Figure 4. (A) TEM of ferritin 250 Pt stained with 2 % uranyl acetate.
(B) Histogram of Pt particle diameters in ferritin 250 Pt. Average 1.8 + 1.2 nm
Jfrom 99 particles . Scale bar = 50 nm.

Figure 5. BSA mineralization control reaction. Scale Bar = 200 nm.
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remained in solution with a wide distribution of particle sizes (3 nm to 120 nm)
when observed by TEM (Figure 5).

The Pt-Fn protein cage composites are highly active catalysts able to reduce
H' to form H, when supplied with an appropriate reducing agent. We have used
visible light and a co-catalyst (Ru(bpy);>*) to generate MV" through oxidation
of simple organics such as EDTA (Figure 6) to assay H, production from the
Fn-Pt catalyst. In this assay, the solution was illuminated at 25°C with a 150W
Xe-arc lamp equipped with an IR filter and a UV cut-off filter (360 nm). The
Pt-Fn (0.5 pg, 1.1 x10"" moles) was illuminated in the presence of MV>* (0.5
mM), Ru(bpy),** (0.2 mM) and EDTA (200 mM) at pH 5.0 and the resulting H,
was quantified by gas chromatography (Shimadzu GC-8A).

h\)/ Horse-Spleen Ferritin
EDTA

Degradation
Products

P’ Particle

Figure 6. Schematic of the light mediated H, production from Pt-Fn. Methyl
viologen (MV*") is used as an electron transfer mediator between the Ru(bpy);**
Pphotocatalyst and the Pt-Fn responsible for H, production.

The initial rates of H, formation, when calculated on a per cage basis, were
149 x 10° H,/sec/cage (+ 2.77 x 10° Hy/sec) for a loading factor of 1000 Pt per
ferritin (Figure 7) and 1.82 x 10° Hy/sec/cage (+ 8.47 x 10% Hy/sec) for a loading
factor of 250 (Figure 8). When the H, production rates are calculated on a per
Pt basis, they compare very favorably with other reported Pt nanoparticles. The
initial rates for Pt-Fn with 1000 Pt/cage are 893 H,/Pt/min, as compared with
the reported literature values (20 H,/Pt/min’, 16 H,/Pt/min"’, and 6.5
H,/Pt/min”®). In addition, initial H, production rates for Pt-Fn are more active
than the previous reports using Pt nanoparticles synthesized inside of small heat
shock protein (Pt-Hsp). The initial rates of H, production from Pt-Hsp with 1000
Pt/cage are 268 H,/Pt/min®. The Pt-Fn synthesis reaction produced Pt particles
with the size of 1.9 + 0.8 nm as compared to particles of 2.6 + 0.2 nm for
previous synthesis in Hsp under the same conditions. The particular protein cage
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platform employed in the synthesis therefore has a significant effect on the size
and activity of the catalyst nanoparticle. After 20 minutes of illumination, the
Ru(bpy);>* begins to photobleach and the methyl viologen undergoes platinum
catalysed hydrogenation, which significantly decreases the hydrogen production.
The smaller size of the particles in Pt-Fn compared to Pt-Hsp can,
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Figure 7. H, production from 1000 Pt/Ferritin in 0.2 mM Ru(bpy)s*, 0.5 mM
methyl viologen, 200 mM EDTA, and 500 mM acetic acid pH 5.0. ® 1000
Pt/ferritin 1.1 x 10-9 moles Pt.
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Figure 8. H, production from 250 Pt/Ferritin in 0.2 mM Ru(bpy);*",
0.5 mM methyl viologen, 200 mM EDTA, and 500 mM acetic acid pH 5.0.
W 250 Pt/ferritin 3.3 x 10-10 moles Pt.
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in part, explain the increased H, production. Based on the particle size
histograms from Pt-Fn and Pt-Hsp, it appears that Pt-Fn has a narrower size
distribution compared to Pt-Hsp. This distribution suggests that the Pt-Hsp will
have more particles that are in the range too small to be detected by TEM, which
are inactive catalysts. Pt-Fn has fewer particles that are below the threshold of
detection giving rise to an overall more active preparation. Pt-Fn could more
efficiently mineralize catalytically active platinum particles by making more
particles over the catalytically active threshold of 50 atoms of platinum® while
Pt-Hsp has more platinum in particles that are inactive lowering the per Pt
efficency.

We have used a well-defined thermally stable protein cage architecture to
synthesize an encapsulated catalyst for producing H,. We have introduced nano-
scale metal clusters, in a spatially selective manner, to the interior of the ferritin
protein cage architecture. The encapsulated Pt nanoparticles act as active sites
for the reduction of H' to form H,, and the activity of these bio-composite
materials are significantly better than previously described Pt nanoparticles. The
protein cage architecture of ferritin prevents the agglomeration of the
nanoparticles while minimizing effects of passivating the surface of the catalyst.
The Pt-Fn composite illustrates the utility of using protein architectures for the
formation of functional nanomaterials with applications in energy production and
utilization.
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Applications of biofuel cells are largely restricted by their low
power output density, to which the performance of the
biocatalysts in terms of activity, stability and electrical
conductivity is the limiting factor in most cases. To address
those issues, researchers have demonstrated substantial
interests in recent years in nanostructured biocatalysts. By
tailoring the surrounding environments of enzymes, people can
develop ‘nanobiocatalysts’ with much improved stability and
efficiency. In this chapter, the construction and use of
composite electrodes based on enzyme-carbon nanotubes-
Nafion® for glucose-O, biofuel cell will be examined.
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Introduction

Clean and efficient power generation is actively sought worldwide, as the
demands in energy rapidly grow while concerns over environment pollution and
petroleum resources remain potent. Fuel cells, as an alternative power
generation technology to thermo-mechanical processes, directly convert
chemical energy of non-nuclear fuels into electricity with a theoretical efficiency
of 100% and almost zero pollution emission. Even though the concept of the
technology has been demonstrated for decades, there are several challenges to
overcome to make fuel cells economically competitive for general-purpose
applications. For example, conventional fuel cells typically use noble metals
such as platinum for catalysts on electrodes. But the precious Pt costs about
$38,000 per kg, which makes the fuel cells too expensive for many large-scale
applications. Metals are not renewable and resource-limited. In addition,
metallic catalysts usually have to be operated at high temperatures; they are
subject to inactivation by trace amount of impurities such as CO and sulfur in
fuels; and may cause pollution to the environment upon discarded (1). Biofuel
cells refer to a class of fuel cells that utilize microbial or enzymatic biocatalysts,
which can effectively catalyze redox reactions under ambient conditions and
neutral pH values. In contrast to noble metals, biocatalysts are renewable and
the cost of production can be very low, as microorganism and enzymes such as
detergent enzymes can be economically produced from large-scale fermentation
processes once the market is developed. In addition, because of the unique
catalytic activity of biocatalysts, biofuel cells can use a variety of special fuels
such as carbohydrates and organic pollutants in wastewater (2-4).

One major challenge in the development of biofuel cells is their low power
output density, typically 2-3 orders of magnitude lower than that of chemical fuel
cells. Many factors may contribute to that. Among others, the inefficiency of
electron conduction between biocatalysts and electrodes is believed to be
critical. In chemical fuel cells, metallic catalysts are deposited on electrodes
and, because both catalysts and electrode materials are conductive, electrons can
transfer between the catalytic sites and the surface of electrodes. Such direct
electron transfer (DET) is available only for a few biocatalysts. Bacteria
including Rhodoferax ferrireducens (5), Geobacter sulfurreducens (6) and
Shewanella putrefaciens (7), along with several small enzymes such as laccase
and hydrogenase, were found capable of conducting electrocatalysis with DET.
Enzymes that are capable of DET have been mostly examined for biosensors (8-
13), although biofuel cells using physically adsorbed laccase and hydrogenase
have been also reported (14). However, these biofuel cells generally produced
low power and current output (15).

Electron transfer between two sites separated by nonconductive medium is
possible should the distance between them is short enough (16, 17). For most
enzymes, except the smaller enzymes such as laccase and hydrogenase, the
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protein shells surrounding the active sites are often too thick for DET. One
strategy to overcome this barrier is to transform the protein shell to be
conductive by chemical modification (18-21). Another popular approach is the
use of redox mediators, which carry the electrons and shuttle between the
enzyme active sites and the surface of electrodes. Many of such mediated
catalytic systems have been reported for both microbial and enzymatic biofuel
cells (2-4, 22). Even though the mediators introduce an additional step in the
redox reaction chains from fuel to electron generation, much higher performance
of biofuel cells was usually observed. One shortcoming of such systems lies in
the fact that redox mediators are usually small molecules and are difficult to
retain during continuous operations. To address this issue, substantial efforts
have been made during the last decade to co-immobilization of enzyme and
mediators (23-29).

The past decade also witnessed the explosive growth of nanotechnology.
Progresses in synthetic and fabrication methods have greatly extended the
application of nano-structured materials for many purposes such as the
development of electronic, optoelectronic, biomedical, and sensing devices. It
has been demonstrated that catalysts supported by nano-structures well
performed for nitrooxide reduction (30), hydrogenation (31), hydroformylation
(32), and electrochemical catalysis in sensors (33) and fuel cells (34). Recently
various configurations of nanomaterials such as nanofibers (35-37), nanotubes
(38-40), nano-particles (41, 42) and nanoporous-materials (43-46) have been
reported for use as the supports for enzymes. Many of this type of
“nanobiocatalysts” displayed enhanced performance in terms of catalytic
efficiency and durability in comparison with their native parent enzymes (47).
The emergence of nanobiocatalysts may also bring up chances for the fabrication
of high-performance bio-electrodes for biofuel cells. Particularly, electrodes
based on conductive nanomaterials may offer promising opportunities to
improve the power output of biofuel cells. An example has been reported by
Xiao et al (48). In that work, glucose oxidase (GOx) was “wired” to electrode
by gold nanoparticles and showed higher activities than native enzymes.
Although the electrode was not suited for biofuel cell application due to the high
over potential, it did show the potentials in developing novel biocatalysts using
nanoscale manipulation approaches.

Carbon nanotube (CNT) attracted a lot of attention for its unique physical,
chemical and mechanical properties. It also represents a class of ideal materials
for electrochemical applications due to the good conductivity and extraordinary
stability. Previously, CNT has been extensively studied for biosensing and many
CNT-based biosensors showed better selectivity and/or improved sensitivity (4,
19, 39, 49-55). In this chapter, we explore the application CNT in biofuel cells.
Nano-composite electrodes based on GOx, Nafion® and multiwall carbon
nanotubes (MWCNTSs) were prepared and examined as anodes in a model
glucose-O, biofuel cell.
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Materials and Methods

MWCNTs (NanoLab Inc.) with an outer diameter of 30+15 nm and a length
of 1~5 um were pretreated with a mixture of 98% H,SO, and 65% HNO; (3:1,
v/v) at room temperature for 8 h to increase the hydrophilicity and generate
carboxylic groups on the surface (56). The MWCNTSs were then functionalized
via carbodiimide coupling. Typically, 2.5 mg of acid-treated MWCNTs, 10 mg
of N-Ethyl-N‘-(3-dimethylaminopropyl)-carbodiimide (EDC) and 1.7 mg of N-
hydroxysuccinimide were added into a 2-ml centrifuge tube containing 1.5 ml of
pH 7.4 phosphate buffer (0.05 M). The suspension was first sonicated for 15 min
and then incubated at room temperature with vigorous shaking for 4 h. The
activated MWCNTSs were rinsed with buffer solution and stored at 4°C.

Composite electrodes were prepared by depositing a casting solution onto
electrode backing materials such as glassy carbon (CH Instruments, Inc.), carbon
paper (AcCarb™ P50, purchased from FuelCellStore.com), carbon cloth
(purchased from ElectroChem, Inc.) and carbon felt (purchased from Alfa
Aesar). The casting solution consisted of 2 mg/ml of MWCNTSs, 5 mg/ml of
GOx (Sigma, Type X-S from Aspergilus niger) and Nafion® (0.5% by wt) in a
phosphate buffer (pH 7.4, 0.05 M). Before casting onto the electrode backing
materials, the suspension was incubated at 4°C with gentle shaking overnight to
immobilize the enzyme onto MWCNTs. Typically 20 ul of the resulted
suspension was cast on the backing electrodes and allowed to dry at room
temperature for 2 h, followed by washing with phosphate buffer (pH 7.0, 0.1 M).

The electrochemical properties of the MWCNTs-Nafion® composites were
studied using cyclic voltammetry (CV) on glassy carbon electrodes. The three-
electrode testing cell used glassy carbon electrode as the working electrode,
Ag/AgCl as the reference and a Pt wire as the counter electrode. Typically, the
electrolyte contains 0.5 mM of hydroquinone (HQ) in pH 7.0 phosphate buffer.
All the CV tests were performed on a DLK-60 Electrochemical Analyzer
(Analytical Instrument Systems, Inc.) at scanning rates ranging from 2.5 to 25
mV/s.

The enzyme loading in the composite electrodes was estimated by indirect
mass balance method. The leached enzyme during washing was collected and
determined spectrophotmetrically (at 280 nm) and enzyme loading in the
electrode was calculated from the difference of the amount of enzyme added to
the casting solution and that detected in the washing solutions. The specific
catalytic activities of prepared electrodes towards glucose oxidation were
measured by UV-visible spectrophotometry with oxygen and BQ as the electron
acceptors respectively. When oxygen was used as the oxidant, the activity was
determined by monitoring the generation of hydrogen peroxide during the
reaction. Typically, a working solution was first prepared by dissolving o-
dianisidine (10 mg), horseradish peroxidase (1.1 mg) and glucose (200 mM) in
150 ml of phosphate buffer (0.1 M, pH 7.0). The electrode with immobilized
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enzyme was then incubated in 15 ml of working solution and the generation of
oxidation product of o-dianisidine was measured spectrophotometrically at a
wavelength of 460 nm for 30 min. In case of BQ as the electron acceptor, same
protocol was followed except that a different working solution was used, which
contained 200 mM glucose and 5 mM BQ in the same buffer. The formation of
HQ was monitored by monitoring the absorbance at 290 nm.

The enzyme-MWCNTs-Nafion® composite electrodes were examined as the
anode in glucose/O, biofuel cells. Electrodes with glassy carbon backing
(nonporous) were placed ~2 mm above the Nafion® membrane, which separated
anode and cathode electrodes during the biofuel cell operation. In case of
electrodes with porous backing materials, they were pressed against the
membrane with a graphite rod (1.6 mm in diameter). The anode compartment of
the cell typically contains 30 ml of 0.1 M phosphate buffer (pH 7.0) containing
glucose and BQ. Nitrogen was bubbled in the electrolyte reservoir during the
operation. An Ag/AgCl electrode was used as the reference electrode to monitor
the polarization of electrodes. For all tests, a membrane gas diffusion electrode
(obtained from Fuelcellstore.com) was used as the cathode for oxygen reduction
(4.7 cm in diameter, with a Pt loading equals to 4.0 mg/cmz). The biofuel cell
was connected to an adjustable external load with a resistance range from 0 to
500 kQ. The output voltage and current were measured by multimeters
(EXTECH Multipro 510). The potentials of the anode and cathode vs. the
reference electrode were measured by the DLK-60 Electrochemical analyzer.
Impedance measurement was performed on an Impedance/Gain-Phase Analyzer
(Solartron, 1260) with frequencies ranging from 0.1 to 10° Hz.

Results and Discussions

The composite electrodes were typically prepared by casting solution
containing MWCNT-immobilized GOx and Nafio® onto backing materials such
as glassy carbon, carbon paper, carbon cloth and carbon felt. The effectiveness
of MWCNT was first examined by CV in the presence of benzoquinone (BQ).
As shown in Figure 1, composite-coated electrode showed higher peak height
and narrower peak separation than the bare glassy carbon and that coated with
Nafion®, indication an apparent improvement of reaction kinetics. The KD"?
(parameter reflecting electrochemical flux) and apparent heterogeneous reaction
rate constants were estimated and listed in Table 1. The enhanced
electrochemical flux was most likely due to the larger surface area as a result of
the use of MWCNT. HQ/BQ redox couple typically displays quasi-reversible to
irreversible behaviors on electrodes such as Pt, Au and glassy carbon. However,
a reversible reaction cycle was observed previously with pyrolytic graphite
electrodes (57). Similar to graphite, MWCNT surface also has a highly
organized structure. That might contribute to the kinetic improvement.


http://Fuelcellstore.com

278

(mA/cm")
e

Z
Z 0
-7
a
< -5
-
5
& -10
o/
-15 f } —— }

06 04 02 0 02 04 06
Potential vs. Ag/AgCl (V)

Figure 1. Representative cyclic voltammograms of HQ/BQ redox couple on base
glassy carbon (a), Nafion®-coated glassy carbon (b) and MWCNT-Nafion®
coated glassy carbon(c) electrodes. Testing conditions: 0.5 mM HQ in 0.1 M pH
7.0 phosphate buffer, scanning rate: 10 mVJ/s.

Table 1. Reaction Kinetics Parameters for Various Electrodes

KD"?° Apparent heterogeneous ,
Electrodes 32 reaction rate constant (k)
(107 cm’/s) 5
107 cm/s

Glassy carbon 1.6 1.8

Nafion® coated glassy 12 20

carbon ’

CNT-Nafion® coated 37 130
_glass carbon )

¢ K: extraction coefficient; D: diffusion coefficient; In diffusion-limited CV system,
electrochemical flux is proportional to KD"? (58, 59). Apparent electrode surface area
was used for the calculation: 0.071 cm? for bare and Nafion®-coated glassy carbon
electrodes, 0.332 cm? for MWCNTs-Nafion® modified electrodes.

b A diffusion coefficient of 8.4x10°® cm?/s was used for the estimation of k, (60).
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GOx was immobilized onto the acid-treated MWCNTSs via NHS-enhanced
carbodiimide coupling (Figure 2). In the activation step, carboxyl groups first
reacted with EDC to form unstable intermediates, which then reacted with NHS
and generated active succinimide ester groups on the surface of the MWCNTs.
The active ester groups then reacted directly with amino groups of the enzyme
and form peptide bonds between enzyme molecules and the MWCNTSs.

The resulting electrodes were examined in the biofuel cell as illustrated in
Figure 3. In the anode, BQ was used as the mediator to facilitate the electron
transfer between the enzyme and the electrode. At the active sites of the enzyme,
BQ accepts two H from the cofactor FADH, and is reduced to HQ. HQ then
diffuses to the surface of MWCNTs where it is oxidized back to BQ. Two
protons and two electrons are generated from this process. Protons are released
to the buffer solution and eventually reach cathode through the electrolyte and
the proton exchange membrane. Electrons pass through the MWCNTS network,
first to the backing electrode, then to the anode, and finally reach cathode via
external loop. At the catalyst layer of the cathode, oxygen reacts with protons
and electrons and water is generated. Because this study was focused on the
enzymatic anode, the influence of cathode polarization (potential drop with
current density) on the biofuel cell performance was minimized by using a small
anode (6.4 mm in diameter, projective area of 0.32 cm?) and a much larger
cathode (47 mm in diameter, projective area of 17.4 cm?). Typical potentials of
the cathode were observed in the range of 630~660 mV vs. Ag/AgCl with
polarization usually less than 30 mV during the operation of the biofuel cells.

A maximum power density of 44 pW/cm’ was achieved using composite coated
glassy carbon as the anode (Figure 4). It appeared that the voltage of the biofuel cells
decreased with current mostly due to the anodic polarization (Figure 5).

Generally speaking, fuel cell performance is determined by electrochemical
activation (electrode reaction kinetics), internal resistance and mass transfer
(diffusional) limitation. Polarization from electrochemical activation refers to the
potential loss because of the slow kinetics of the heterogeneous electrode
reaction. Because reaction rate constant increases exponentially with the working
potential of anode, this type of polarization usually causes voltage drop in the
low current density region, where working potential is close to reversible
electrode potential. For the biofuel cell examined in this work, this seemed not to
be a problem because sharp increase of anodic potentials was not observed. With
glassy carbon backing, the internal resistance of biofuel cell was about 225 Q, as
estimated by impedance analysis. Considering that the short circuit current
obtained from this type of anodes was less than 60 pA, the contribution of this
internal resistance to the anodic polarization should be less than 15 mV.
Therefore, it appeared that the ohmic internal resistance should not limit the
biofuel cell performance in this study.

Enzyme loading is also a critical factor for high output current density. For
example, when GOx is randomly packed as monolayer on a flat surface, a
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Figure 3. Configuration of GOx-0O, biofuel cell. PEM: proton exchange
membrane (Nafion® 117); C-Pt: carbon-supported platinum, cathode catalyst;
BQ: benzoquinone; HQ: hydroquinone.

loading of 1.7x10™? mol/cm’ (0.27 pg/cm”) may be achieved. If assuming the
enzyme molecules are 100% active with a turnover number of 600 s, the upper
limit of the current density is only about 0.2 mA/cm’ (18-21). The enzyme
loading on the composite-coated glassy carbon electrode was estimated to be
4343 pg (~130 pg/cm?), much higher than the theoretical monolayer coverage
loading. The activity of the resulting electrodes towards glucose oxidation (non-
electrochemical) was measured using oxygen and BQ as the electron acceptor
respectively Eq. (1-3):

Glucose + FAD — Gluconolactone + FADH, 1)
FADH, + O, - FAD+ H,0, (0O, as the electron acceptor) 2)
or FADH, + BQ — FAD + HQ (BQ as the electron acceptor) 3)
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283

where FAD and FADH, (cofactors) represent the oxidized and reduced enzymes,
respectively. With BQ as the electron acceptor (Eq. 3), an initial glucose
oxidation rate of 0.15 pmol/min was observed under the specified conditions.
Based on the estimated enzyme loading (43 ug), the specific activity of GOx in
the composite electrode was 0.0035 umol/(min.pg enzyme), only accounting for
~1% of the activity of free enzyme in homogeneous reaction system. However, if
converting this activity into current density, it corresponded to a current density
of 1.4 mA/cm?, 8 times higher than the observed shirt circuit current density
(SCCD). In another activity test with GOx-CNT (before casted into the
composite electrode) suspended in reaction solution and activity of 0.34
pmol/min was observed, equivalent to a current density of 3.3 mA/cm”. These
tests imply that there should be enough enzyme on the electrode for much higher
reaction rate than the observed current.

Several diffusion processes are involved in the anode, including that of
glucose from bulk solution to enzyme active sites, gluconolactone from electrode
to bulk solution, BQ from anode to enzyme active sites and HQ from enzyme to
anode. For a rough estimation, the diffusion coefficient of HQ and BQ can be
taken as 8.4x10® cm?s (60), while assuming glucose has a similar diffusion
coefficient. That will transfer to maximum diffusion rates of the redox mediator
and glucose as 8.5x10° and 3.4x10°® mol/(s-cm®), respectively, by accounting
the concentration of each species available in the reaction medium. These
maximum mass transfer rates are equivalent to currents of 0.16 and 6.6 mA/cm’
by assuming 100% reaction efficiency. Compare to the observed current density
of ~0.17 mA/cm?, it indicates that the diffusion of redox mediator might be the
limiting step.

To improve the mass transfer inside the composite electrodes, porous
backing materials such as carbon cloth (ElectroChem, Inc.; 0.5 mm in thickness),
carbon felt (Alfa Aesar, 3.2 mm in thickness) and carbon paper (AcCarb™ P50,
Fuelcellstore.com; 0.17 mm in thickness) were examined. Carbon paper
appeared to be more porous than carbon cloth, but less porous than carbon felt
(Figure 6). The key performance parameters of biofuel cells using different
porous backing materials were summarized in Table 2, including open circuit
voltage (OCV), maximum power density (PDy,.), working voltage and SCCD.
Although it was expected that the porous structure of the backing materials might
promote the diffusion within the composite, significant improvement of power
density was only observed using carbon paper. A PD,,, of 152 pW/cm2 was
observed, ~3 folds of the PD,,,, using glassy carbon backing.

Conclusions

In this work we explored the use of nano-composite electrodes for biofuel
cell application. Enzymatic electrodes were prepared by casting GOx-MWCNT-
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Table 2. Key performance parameters of biofuel cells using
different porous backing materials

Anode Backing oCV (mV) PD oy (uW/em) SCCD (uA/cm’)

Carbon Cloth 534 12.0 @ 459 mV 56
Carbon Felt 510 58 @353 mV 215
Carbon Paper 585 152 @ 356 mV 522

NoOTE: Power and current densities were calculated based on the projective area of the
anodes (0.32 cm?).

Nafion® composites on carbon-based backing materials. It has been found that
MWCNT-Nafion® composite electrodes afforded much-enhanced electro-
chemical flux and reaction kinetics. In addition, the properties of electrode
backing materials showed strong impacts on the performance of the electrodes
and biofuel cells. That observation was related to the diffusion and reaction rates
within the composite electrode, and it showed a possible limitation from the
mass transfer of the redox mediators. When carbon paper was used to replace
glassy carbon as the backing material, an improved power density of 152
uW/cm?® was achieved. Overall, our results showed that the use of nanostructures
was able to provide an enzyme loading high enough to generate about 8 times
higher current density than what currently observed; yet mass and electron
transfer processes within the composite electrode become the limiting factors.
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Chapter 19

In Situ Characterization Techniques for Design
and Evaluation of Micro- and Nano-Enzyme-
Catalyzed Power Sources

Michael J. Cooney and Bor Yann Liaw

Hawaii Natural Energy Institute, School of Ocean and Earth Science
and Technology, University of Hawaii at Manoa, Honolulu, HI 96822

Although the literature is full of presentations on various
aspects of bio-fuel cell performance, whether they are focused
on components, such as anode or cathode; or whole cell, there
is a need for an overriding view of how the bio-fuel cell
should be characterized in terms of both defining performance
of a component on a consistent basis that can be compared
across the discipline, but also in defining the relative impacts
on cell performance. Here, we suggest a view of the bio-fuel
cell in the context of how performance can be judged by
researchers spanning disciplines and laboratories. We then
review many characterization techniques available and
provide guidelines on how their use relates to characterizing
overall component and cell performance.
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An enzyme-catalyzed fuel cell is a fuel cell in which the fuel is oxidized at
the anode, and the oxidant is reduced at the cathode, by use of enzyme as the
catalyst [1]. A typical bio-fuel cell configuration for laboratory investigation is
depicted in Figure 1. The anode captures the electrons freed from the enzyme-
catalyzed oxidation of the fuel while an equal number of protons are liberated
and migrated to the cathode via electrochemical diffusion (which is a combined
effect of chemical diffusion and migration) in the electrolyte. Simultaneously, a
catalyzed reduction of an oxidant takes place at the cathode, such as a platinum-
catalyzed reduction of oxygen, where the migrated protons and electrons can
react with the oxygen to form water. The energy (exhibited as power) that can
be hamessed by this transformation of chemical energy to electricity is
harvested as external work conducted by the electrons to a load in an external
circuit. The electrolyte plays an important role in this process in that it only
allows transport of ionic species, thereby forcing the electrons to migrate
through the external circuit. As such energy is harnessed via the electrical work
conducted on the external load. To facilitate this process, sometimes a proton
permeable membrane is used to separate the two half-cells as well as the
reactants. The use of proton permeable membranes may be eliminated in
applications that, with careful selection of enzymes (and their mutant
derivatives) to exclusively and effectively catalyze the desired reaction at the
respective electrode, the cell can operate with high efficiency and without
interference by the crossing of the reactants [2,3].

Performance of an Enzyme-Catalyzed Power Source

The flow of electrons through the external circuit yields the current I which
flows in direction opposite to the electrons and through a resistive load (Rjq)
where the work is done. The potential measured across this load gives the cell
voltage (V..;). To conduct work, the cell’s electromotive force has to overcome
its own internal resistance (R..;), which is a lumped parameter that consists of a
number of serial and parallel resistances, including resistance to electron transfer
and/or proton transport via electrolyte bulk diffusion and migration across the
double layer. Therefore,

Veer =1 Ripag = Voo =1 Ry M
The power (P) is given by the product of the cell voltage by the current:

P= Vull I (2)
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Figure 1. Schematic of an enzyme catalyzed bio-fuel cell.
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There is a common plot with two curves, presented in Figure 2, to depict
cell performance. In such a plot, the cell voltage (¥..;) is measured and plotted
along with the power density against the current density. Traditionally, the
current and power densities are calculated with the cross section area (CSA) of
the electrode, under the presumption of a pseudo-2-D cell configuration. By
contrast, in the field of catalysis, only adsorption surface area (often measured
by the Brunauer-Emmett-Teller or BET technique) is used [4]. The problem
with CSA-based representations is that they make no reference to the accessible
surface area (ASA) in a unit volume (cm”cm®), where the electrode is actually a
3-D structure; e.g., [S-16]. For example, the BET technique uses, more or less, a
static mode (in equilibrium) to measure both flow-through pores and blind pores
within the porous medium [13], some of which might not provide catalytically
active surface area. Therefore, increase in current or power density (based on
CSA) cannot distinguish between better 3-D electrode geometric engineering
and improved catalysis. This can be corrected by using the ASA instead of the
CSA. The ASA is the accessible area defined by the flow-through pores in a
porous electrode medium, and its value might be dependent upon the flow rate.
Although the ASA is difficult to determine, it should be pursued because it
represents the true surface area that is accessible by the reactants [12]. Ideally,
with increasing capability in characterizing electrode surface, and the utilization
of high surface area materials in catalytic electrode fabrication [6-11], the ASA
of the electrode should be used to provide a more comprehensible and
informative presentation of the current or power density.

An increasing number of pertinent discussions of these issues have been
reported in the literature. For example, Kim et al. [14] showed that with careful
manipulation of co-polymer blends, one can synthesize controlled mesopore
structure in silica. Comparing mesopore structures with other porous media,
Thommes et al. [15] showed that hysteresis observed in the adsorption-
desorption critically related to the pore structure in the porous networks,
suggesting that accessibility to different size of pores and structures depends on
the adsorption-desorption mechanism and the pore size and shape in the network
structure. Jena and Gupta [16] recently demonstrated that, using envelope
surface area analysis, one can distinguish the accessible area in flow-through
pore channels, which is also dependent on the flow rate itself. There are also a
number of emerging research activities [17,18] that have addressed the macro
and mesoporous pore structure of chitosan scaffolds (CS) in terms of pore
structure and its influence on fluid flow and diffusion coefficients. While these
studies have focused on scaffolds for tissue implants and drug delivery, there is
now an increasing surge in literature reports that are proposing chitosan as an
electrode matrix for biosensors and bio-fuel cells, in part because of their
attractive pore structure [18-21]. Some typical scaffolds fabricated in the lab of
the authors are presented in Figure 3.
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Figure 2. A schematic diagram that depicts an enzyme bio-fuel
cell performance, in which cell voltage and power density are
plotted against current density.

It should be noted that Figure 2 actually plots the difference betweenV_,,
the equilibrium cell potential as defined by thermodynamics, and the
polarization potential, /-R_,. This relation depicts the reality that, with
increasing current, the cell voltage drop reflects that portion of the potential that
must be used to move the electrons against the cell resistance [22]. This trade-
off between potential and current is analogous to fluid systems whereby the
height a fluid possessing at a given pressure head (e.g., height of head) that can
be pumped decreases with the velocity at which the fluid is pumped through the
pipe. The faster a fluid is pumped the greater the resistance to its flow and
hence the more of the potential head that must be used to overcome the
resistance to flow.

One should also realize that the cell voltage (V..;) represents the difference
between the cathode and anode potential:

V. cell = V. cathode — Vanade (3 )

The potential of the cathode (V¥ unos) and anode (¥,,.4) can be measured
relative to a (standard) reference electrode to yield the formal potential for the
corresponding half-cell reaction at equilibrium, thus V¥, and V. .; and
under polarization at different current densities, thus ¥V, . =V .. =1 R
and V,, .. =V, .. —1 R,  This representation is shown in Figure 4.
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Any attempt to improve bio-fuel cell power density, one can begin with an
equation equivalent to (2) as a guide:

Potential (V) vs. SCE

Current density (mA:cm®)

Figure 4. A schematic showing the change of cell voltage and electrode
potentials as a function of current density during a fuel cell operation. The
polarization on each electrode can be monitored against a common reference.
(Reproduced with permission from the author. Copyright held by author.)

P=v,, I @)

Here the overhang bar represents the notation for density. Substituting equation
(1) with density notation into (4) yields

P= (Vc:ll -1 Rcen)' I= Veen * I-1*. R (5)

Equation (5) suggests that for any given rate of operation in the fuel cell, there
are two clear paths to achieve improved power density. The first one is the
thermodynamic consideration as represented in the first term of equation (5),
where the equilibrium potential of the cell V;, is governed by the cell chemistry
through a judicious choice of the oxidation and reduction reaction at the anode
and cathode, respectively. In a battery or conventional fuel cell, this would be
defined by the electrochemical potential of the respective anodic oxidation and
cathodic reduction reactions. In an enzyme bio-fuel cell, however, this potential
is dictated by the formal potential of the last mediator to transfer the charge to
the electrode. For example, an ethanol enzyme bio-fuel cell concept similar to
that proposed by Palmore et al. [23] is shown in Figure 5 for illustration.
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Figure 5. A schematic showing an ethanol enzymatic bio-fuel cell concept
based on a similar system proposed by Palmore et al. [23]

In this scheme ethanol is oxidized by the alcohol dehydrogenase (ADH) in a
proposed two-electron charge transfer process that reduces the required cofactor
NAD' to NADH. NADH needs to further transfer the charge to the electrode in
order to release the electrons to conduct work, while recycling NADH to NAD"
to perpetuate the anodic reaction cycle. Direct oxidation of NADH at the
electrode surface has been found rather difficult [24], a process that requires
relatively high activation energy or overpotentials. Palmore et al. [23] proposed
to use benzyl viologen (BV) as a mediator, due to the favorable formal potential
for the oxidation of BV* to BV?*, which is reasonably close to, but less negative
than the formal potential for the oxidation of NADH to NAD" on the reduction
potential scale. In conjunction with the use of diaphorase, which has been
suggested capable of catalyzing the regeneration of NAD" from NADH, this
ethanol bio-fuel cell scheme represents an optimal thermodynamic
consideration, as shown in Figure 6.

From this perspective, Palmore and coworkers paid attention to ¥, in

equation (5) by establishing a thermodynamically favorable potential at the
anode for ethanol oxidation. In practice, however, BV is difficult to use,
requiring strict anaerobic conditions. This is not a surprise, due to BV’s high
formal potential for oxidation, as observed in Figure 5. Therefore, unless the
BV is bound directly to the electrode, and in a manner that supports direct
electron transfer, it will pass its electrons to any species with a greater affinity
for electrons than the electrode — in this case, oxygen in the solution. This
competition introduces an interference and internal leakage, via the side
reaction, that terminates the charge transfer pathway in the anode and resulting
in no useful energy that can be harnessed. To overcome this, one solution is to
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develop an efficient mechanism by which the BV can preferentially transfer its
charge to the electrode surface. This can be achieved, presumably, through the
direct immobilization of BV to the electrode surface without inhibiting the
reaction kinetics. On the other hand, we could protect the immobilized BV layer
with an oxygen barrier to retard the diffusion of oxygen to the charge transfer
sites.

Redox Couples Reduction Potential vs. Ag/AgCl

pH=8, 25°C
0,/H,0 0.551V

- 0.310V
o 11435V
e e ee 1477V

BV?*/ BV 0.359 V

NADH / NAD* -0.584 V

CH,COOH / CH,CH,OH ~0.826 V

Figure 6. Redox couples in an enzymatic ethanol fuel cell and their reduction
potential versus the Ag/AgCl reference electrode at pH 8 and 25°C.
(Reproduced with permission from the author. Copyright by held by author.)

If immobilization of the thermodynamically appropriate mediator (e.g., BV)
is not an option, another solution would be to choose an alternative mediator.
Meldola’s blue (MB), which is also on the chart, has been proposed as one such
mediator because of its ability to bind to the enzyme and is less reactive with
oxygen [25-30]. Similar studies [23] have reported the use of redox mediators
such as phenazine or methosulfate, despite their relatively unattractive formal
potentials (relative to NADH/NAD" oxidation) to shuttle electrons from the
enzyme to the electrode. Like MB these mediators were presumably less
reactive with oxygen but at a cost in terms of formal potential relative to the
NADH/NAD" oxidation. Another favorable approach has been to covalently
attach or electrochemically polymerize the mediator to the electrode surface.
This has been reported for MB on glassy carbon [31], but proved unsuccessful
on platinum (data not shown). It has also been shown for poly-(methylene
green) (poly-(MQG)) on glassy carbon or platinum [32-34]. Despite the reports of
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these immobilized mediators exhibiting improved stability, favorable reaction
rate for NADH oxidation, and decreased sensitivity to oxygen, the formal
potentials of these polymerized mediators usually require a tradeoff between
thermodynamic consideration and kinetic stability. This tradeoff has inspired
recent reports on direct electron transfer mechanisms to give the maximum
potential difference between the anode and cathode [8].

While the above discussion has emphasized the importance of getting the
thermodynamics right, any attempt to improve power density must also
eliminate kinetic limitations [8,20,35]. In other words, to improve power
density one should optimize both the thermodynamics and kinetics, for a given
chemistry. The importance of kinetics is emphasized by the second term of
equation (5), where the cell internal resistance R,,, is a crucial parameter in
determining the power density in a cell reaction. As we discussed earlier in
equation (1), R, is a lump sum of various attributes, including charge transfer
resistance of the electrode and the electrolyte conductance. From this
perspective, improving kinetics is not solely an issue of finding a better enzyme,
or improving its activity within the immobilized state. Taking the ethanol bio-
fuel cell scheme in Figure 4 as an example, the kinetics, and thus power density,
can also be improved by the avoidance or minimization of side reactions such as
the oxygen interference in the charge transfer pathway.

To better emphasize this point, we can consider the use of immobilization
strategies to enhance enzyme loading as a means to increase the density of
active catalytic sites [8,20,35-38]. In general these most often consist of
entrapment [39,40] or covalent bonding techniques to condense enzyme
population inside a polymer backbone [41]. In a simple smooth 2-D electrode
surface, where ASA is equivalent to the CSA, an increase in enzyme loading
simply reflects the improvement of enzyme packing density. In this case the
relationship between the feedstock and the reaction sites can be discussed with a
simple 1-D (diffusion + migration) model, without consideration of the flow
field. When the concept is extended, however, to a 3-D electrode, where the
equivalency between ASA and CSA departs, the effect of enzyme loading on the
electrode performance becomes less trivial when the effects of porosity and
electrode thickness on kinetics need to be considered. To begin with, the
porosity and tortuosity of the porous electrodes under the influence of specific
electric field and mass transport condition will influence the fluid flux and flow
patterns [9]. As such, this expansion in geometry from a simple 1-D to a much
more complicated 2-D or even 3-D framework immediately increases in the
number and complexity of terms that influence the kinetics [10]. In any case the
improvement of enzyme loading per unit ASA resembles an increase of
interfacial conductance for the charge transfer; thus, leading to a lower charge
transfer resistance in the R, .

Besides the enzyme loading improvement, one should also pay attention to
the supply of feedstock and removal of the residual unusable products. As the
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increase in enzyme loading provides higher capacity to handle current flux per
unit ASA, sufficient fuel supply is needed to sustain the power generation. In
the context of 3-D porous electrodes, the handling of the fuel logistics can be
similarly complex. There is concomitant need for large internal void volume of
interconnected pores to support mass transport of fuel. As such, it is important
to realize that the ASA, porosity, the average pore size and its distribution are
parameters that need to be all optimized [42]. Furthermore, it becomes critical
that the pore shape and its distribution are both multidimensional and
multidirectional [43]. A well-connected pore channel network, similar to a cave
with serpentine formation or that found in bone, are good examples that show
co-existence of large surface area with channeled pore network, which will
reduce the drag in fuel transport through the porous electrode and contribute as
much to power density as the enhancement of the enzyme loading [9]. In this
regard, the reduction in the diffusional and migration resistance will also be
reflected in the reduction of R, .

The above discussion presents an important perspective on the relationship
depicted in equation (5) for enzyme bio-fuel cell performance optimization.
Before beginning the characterization of any aspect of the enzyme bio-fuel cell
performance; whether it be the use of a new mediator, enzyme immobilization
technique, electrode material, or fuel delivery system; we suggest that one
should look at the basic governing equations of the bio-fuel cell operation and to
define precisely upon which term(s) in equation (5) the proposed approach will
improve and estimate if those gains are significant relative to the magnitude of
the other terms. For example, if it is proposed to replace the platinum catalyzed
cathode with an enzyme system, this should be justified in terms of improving .
either the thermodynamic potential difference across the cell (Voamode — Vanode) OF
the reduction of the resistance within the cell (i.e., R.,,), and maybe both.

Characterization Techniques and Cell Performance Criteria

Understanding the thermodynamic and kinetic constraints in enzyme bio-
fuel cell performance in power generation, we need tools and techniques to help
us characterize these constraints so we can begin to identify challenges, alleviate
harsh requirements, overcome technical barriers, and quantify improvements.
For example, enzyme bio-fuel cells require operation typically in (chemically
and electrochemically) near-neutral conditions and in liquid environments. Such
environments pose unique requirements on the characterization and analysis
methodology applied, since most of the ex sifu characterization techniques often
require post operation manipulation of the sample such as using drying and/or
application of vacuum. The requirements of these ex situ characterization
methodologies can introduce artifacts that may not represent the actual
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characteristics of the system, materials, physical structure, or cell performance
in the liquid phase environments. Besides the unique need for in situ
characterization, it is also important to investigate the system across dimensions,
from macroscopic properties to microscopic behavior for both temporal and
spatial correlation. For instance, an enzyme’s catalytic behavior is sensitive to
the immediate environment surrounding the enzyme, in the dimension of
nanometers [37). By contrast, power generation is the collective measure of
catalytic behavior over the macroscopic dimension of at least several hundred
microns, if not more. This spatial correlation demands innovative integration of
unique instrumentation and analytical capabilities that span over several orders
of magnitude in dimensions. In the following sections, we outline a range of
analytic techniques that we consider useful and pertinent to the characterizations
of the bio-fuel cell performance. We begin with some well-known techniques to
understand what they can be utilized for characterizing the performance of bio-
fuel cell and its components in terms of thermodynamic and kinetic properties,
and then describe how they can be integrated with other physical
characterization techniques to derive spatial and temporal correlations. In
particular, for the fabrication of 3-D porous electrode structure and architecture,
we will discuss tools to monitor the active material behavior and the surrounding
morphological dependence.

Potentiometry

Potentiometry is an established technique, primarily designed to determine
the activity of the electrochemical active species in a solution with respect to a
known reference state imposed by a suitable reference electrode and its
condition [22]. The technique is typically used to measure an electrode potential
under open circuit condition. With a suitable choice of reference electrode, the
equilibrium open circuit potential of the working electrode (which is of interest)
is measured against the reference [22]. The potential difference measured by the
potentiometry is related to the difference between the activity a; of the

electroactive species i present on the surface of the working electrode and the
a, ., on the reference electrode, as depicted by the Nernst equation:

V=V, + Eln(——ai—] ©)
zF | a;,

.

where V. is the potential of the reference electrode in its referent state (not
necessarily standard), R the gas constant, T temperature in Kelvin, z the valence
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of species i/, and F the Faraday constant. Hence, the potential difference
measured between the electrode and the reference is

AV =V - ,,,,:5111{ i ] 7

zF a; e

Equation (7) is the simplest form defining the relation between redox potential
of an electrode (electrode potential) versus a reference. It can be used to verify
correct functionality of an electrode. In a liquid system, for simplicity, one can
usually substitute the activity with the concentration of the species.

In the context of enzyme bio-fuel cells, potentiometry can be used to
measure the open circuit voltage (OCV) of the cell:

. RT
Veer =V en +-§:,—ln(Keq) (8)

where V_, is the OCV at the standard state and K, the equilibrium constant of
the cell reaction. Similar to equation (7), equation (8) allows us to measure the
OCYV of the cell, but it also takes into account the effect of pH on ¥V, so that
we can correct for the effect of pH on the formal potential of the working
electrode against a known reference. The effect of pH is a particularly important
term to consider in bio-fuel cells since the use of an enzyme-catalyzed electrode
can be a non-neutral pH condition, such as seen with the use of laccases from
yeasts [39,44]. Considering the oxidation of ethanol to acetaldehyde as
catalyzed by the NADH-dependent ADH, as we discussed earlier, here we will
present the case of a bio-fuel cell that uses polymerized methylene green on the
anode to avoid the use of diaphorase [34]. This is a two-proton, two-electron
process whereby the ethanol, in the presence of its cofactor NAD", is oxidized to
acetaldehyde while NAD" is reduced to NADH with one proton released to the
solution (when facilitated)

Ethanol + NAD® - Acetaldehyde + NADH + H' ©)

NAD" is then regenerated by the mediator releasing the second proton and two
electrons

NADH > NAD' + H' + 2¢” (10)
The overall half-cell reaction on the anode is therefore

Ethanol - Acetaldehyde + 2H" + 2¢” (1
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If we apply equation (8) to reaction (11), we get

RT In [Acet][H* ]
2F [Eth]

V=V + (12)

The correct redox potential for reaction (11) as represented in equation (12) is
however not attainable in the bio-fuel cell with a buffered solution, since the H"
concentration will be controlled by the buffer solution. To mediate this issue,
we can transfer the potential variation from the tempering of the H'
concentration to a mediated standard potential term, as shown in equations (13)
to (16):

v=v + B e + RL ), [Acet] (13)

2F 2F  [Eth]

. RT RT . [Acet]
V=V —2303° pH + —— |n L2 14
FP o " B (14
y =y 4 BT [Acet] (15)

2F  [Eth]

yr =y —2.303RTTpH (16)

This mediated potential term allows the reaction formal potential to be defined
in the specific buffered solution used. In this manner the potentiometry
technique can be used to direct improvement of a specific anode and cathode
couple from a thermodynamic point of view.

Transient Potentiometry

In contrast to static potentiometry applied to equilibrium, transient
potentiometry is a time-dependent technique that measures the electrode resting
potential as a function of time [45]. This technique can be useful when the
transient behavior of an electrode is of interest. For example, in the fabrication
of enzyme bio-electrodes with physical adsorption, we can monitor the transient
potential change to observe the kinetics of adsorption under different preparation
conditions, thus offer a rapid electrode screening tool. An example is given in
Figure 7, which presents the open circuit potential of two electrodes made by
different techniques and reveals their behavior in the presence of hydrogen gas
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[45]. In the first instance the electrodes are left blank to investigate their
reactions with the gas stream, as a probe to their reactivity toward the gas, and,
in the second, they are placed in the presence of the hydrogenase enzyme to
screen for the rate and effectiveness of immobilization. The change in resting
potential of the electrode with time is taken as a proxy for the adsorption of the
enzyme.

The blank pyrolytic carbon paper (PCP) was shown to be inert to hydrogen
[45] (e.g., the resting potential remained around +0.2 V vs. Ag/AgCl in either
gas phase). However, when placed in the presence of enzyme in solution the
PCP electrode resting potential began to drop, indicative of enzyme reactivity,
after about 20 minutes, eventually stabilizing at around +0.10 V vs. Ag/AgCl.
The phenomenon observed above suggests that the enzyme had directly
absorbed to the electrode surface and catalyzed the oxidation of hydrogen. The
electrode, however, did not reach the full reversible hydrogen potential (RHP),
suggesting that the hydrogen activity is low on the electrode surface. It also
reflects that the enzyme reactivity was high, but that the charge transfer was
limited, and was thus unable to release proton with a prominent rate to dominate
the cell potential.

The packed graphite column (PGC) electrodes, which possess higher ASA
from the graphitic matrix embedded in nickel foams (Ni/PGC) or stainless steel
meshes (SS/PGC), exhibited a much better immobilization and charge transfer
efficiency [45]. Both PGC electrodes, post enzyme immobilization, and in
hydrogen atmosphere, exhibited electrode potential close to the RHP, indicating
that near unity hydrogen activity was achieved by the immobilized hydrogenase
enzyme, and with high charge transfer efficiency. This result suggested that the
adsorption of hydrogenase enzyme to the PGC support was much better than to
the PCP. In this manner, transient potentiometry is a useful in-situ
characterization tool for screening electrode materials, probing enzyme
immobilization kinetics and efficiency, gauging enzyme reactivity toward fuels
of interest, and detecting charge transfer efficiency.

Chronopotentiometry

In addition to the open circuit measurements, potentiometry can be carried
out also with current passage (i.e., chronopotentiometry) [22]. Under a constant
current mode, for instance, we can monitor the electrode or cell potential change
with time to derive some useful information. The Sand equation, which is
similar to that of the Cottrell diffusion model, is used for potentiometric
analysis:

aC
I = nF(CSA)- D(ELO (17)
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Here the last term in equation (17) is a Fick’s diffusion flux based on chemical
concentration gradient [9].

Cyclic Voltammetry

Cyclic voltammetry (CV) is a well-established technique, in which we
sweep the potential of a working electrode against a reference within a potential
window at a specific or a range of sweep rate [22]. The current-potential (/-V)
correspondence from the cyclic sweep (voltammogram) can be used to analyze
the behavior of the working electrode in the presence of a redox reaction or a
series of redox reactions.

CV has been used extensively in bio-fuel cell investigations. Depending
upon the purpose of the investigation, the cell configuration and evaluation
protocols are adjusted accordingly. A common use of CV, for example, is to
determine the (formal) redox potential for a given chemistry and the nature of
the chemistry will reflect on the /-V curves at a given sweep rate (e.g., [33]).
Any redox couple will appear as oxidation and/or reduction -V peaks on the
curve, depending on the nature of the kinetics (e.g., [46]). The peak position
permits the determination of the redox potential of the reaction. For an electrode
that exhibits a Nernstian behavior in a redox reaction written as

Re = Ox + ne” (18)

we usually observe a pair of reduction and oxidation peaks with a peak position

at V. and V,, respectively, which is independent of sweep rate and separated by
RT
AV:P%,—%C=230}E; (19)

which is governed by the number of electrons, n, transferred in the reaction.
The redox potential for the reaction can be determined by

( =Vp“+Vpc

(20)
2

For an ideal reversible reaction, we ought to expect that /,, = I,.. That said, the

peak currents, /,, and /,., if they are limited by diffusion of reactive species in

the solution, will vary with sweep rate, v, according to

% @1)
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Here we use the cyclic voltammograms of a poly-(MG) coated glassy
carbon electrode cycled in the presence of a buffered NADH/NAD" solution as
an example for illustration. Figure 8 presents a series of 15 cycles of cyclic
voltammograms for such an experiment. The most prominent peak on the
voltammogram is the NADH oxidation peak. The reduction peak, on the other
hand, is a very vague shoulder on the onset of the two prominent MG reduction
peaks [32,33,46]. The difference between the oxidation and reduction peak
intensities is consistent with the ability of poly-(MG) to promote the oxidation
of NADH to NAD', but not the reduction. The separation of the NADH/NAD"
redox peaks is about 30 mV, which is characteristic of the two-electron charge
transfer in this process. On the voltammograms, we also observed the presence
of two couples of redox peaks, in the potential range of 0 to —0.5 V against
Ag/AgCl reference. These two couples of redox peaks are signatures of the
reversible MG intermediate formations [33,46], which are accompanied with the
NADH oxidation. Interestingly, the presence of these two pairs of redox peaks
suggests that the charge transfer of the NADH oxidation released a proton at the
same time. The liberated proton may have reacted with the poly-(MG) chain
and induced the redox reaction of the MG intermediate formations in the
subsequent charge transfer reactions. The two conjugated redox peaks in each
couple are separated by about 60 mV, which is also characteristic of the single-
electron charge transfer process involved in each intermediate formation. The
overall redox reaction involves MG is shown as follows [46]:

)
N N
R AN
| +2e"
p HY
Me,N A \g? NMe, Me,N s NMe,
‘4
¢ NO NO,
MG

2
1-MG 22)

The CV in Figure 8 also reveals the formal potentials for the two charge
transfer reactions of poly-(MG) on the glassy carbon electrode in the presence of
the NADH/NAD" couple. In the solution environment of the experiment, the
NADH/NAD" couple exhibits a formal potential at about 190 mV above the
Ag/AgCl reference. The subsequent two charge transfer reactions of poly-(MG)
occur at about —110 mV and —270 mV versus the same reference, respectively.
In other words, the formal redox potentials for the two charge transfer reactions
of poly-(MG) are 300 mV and 460 mV more positive than the NADH/NAD"
couple, as shown in Figure 9. In this case, CV can be used to verify or derive
thermodynamic information of the chemistry.
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Redox Couples Reduction Potential vs. Ag/AgCl

pH=8, 25°C
0,/H,0 0.551V
B N DUy
o f o fo w0 o mxoco o o e 0-910 v 0.67 v
) 1135V
P 1477V
MBE* [ MB
BV2* BV* X
NADH / NAD* ¥
CH,COOH / CH,CH,0H ¥

Figure 9. Formal redox potentials for poly-(MG) coated on
glassy carbon electrode and the associated V_,, .
(Reproduced with permission from the author. Copyright held by the author.)

Another interesting example is the ethanol enzymatic bio-fuel cell made of
NAD'-dependent ADH anode with poly-(MG) mediator and an oxygen air
electrode as cathode. The cell open circuit voltage was measured to be ~0.67 V
(see Figure 9), which is substantially lower than the conventional ethanol fuel
cell, which should have an OCV close to 1.17 V. The disparity in the OCV’s
suggests that the final equilibrium on the anode is no longer represented by the
half cell reaction based solely on the ethanol oxidation. The charge transfer
involved in the ethanol oxidation, and NAD" reduction, as expressed in
equations (9)-(11), apparently does not dictate the half-cell potential at the
anode, either. The correct expression of the mediator involved NADH oxidation
as depicted in equation (10) should be

NADH + poly-(MG) = NAD' + l-poly-(MG) (23)
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Here, analogous to MG in equation (22), poly-(MG) is positively charged when
it dissociated in aqueous solution, as denoted in the equation. As such, the half-
cell reaction on the anode is therefore different from that expressed in equation
(11). The correct reaction is as follows:

Ethanol + poly-(MG) - Acetaldehyde + H" + l-poly-(MG) (24)

Equation (24) will account for the observed OCV, in which some of the free
energy attainable from ethanol oxidation will be lost for the redox reactions
involved in the co-factor and mediator for stripping protons and electrons from
the hydrocarbon before any useful energy can be harnessed from the charge
transfer. The determination of the formal potential of the poly-(MG) redox
reactions allows us to derive the thermodynamics (cell open circuit voltage in
this case) of the anode in terms of mechanistic steps involved in the half-cell
reaction.

As we have discussed previously, the poly-(MG) film has an advantage
over the use of benzyl viologen (BV) because of its tolerance to oxygen. The
immobilized poly-(MG) film is also more effective in conducting charge transfer
than the free flow BV, thus it should reduce the R..; term. These benefits can be
comprzhended in terms of thermodynamic and kinetic considerations. In Figure
8 it can be seen that the oxidation peak occurs at roughly —150 mV which is a bit
better than the Meldola’s blue but still below that of BV. The question of
whether (or not) the loss in electrochemical potential (e.g., Vanose is a little less
negative) is balanced by the gains in kinetics due to the decrease in R (e.g., the
kinetics of electron transport is improved) is a matter of design consideration, as
well as choice of optimization.

Electrochemical Impedance Spectroscopy (EIS)

EIS is a very powerful technique to study contributions of impedance in
electrode kinetics [22,47]. In principle, the EIS is conducted on an electrode
with a reference electrode, under a DC bias (or not), and with a superimposition
of an AC perturbation signal over a range of frequencies, typically from several
hundred kHz to a few mHz. The frequency scan allows us to separate
contributions in impedance from different physical or chemical processes (since
each of them exhibits a characteristic time constant in the frequency domain).
The impedance spectra can be analyzed with an equivalent circuit model to yield
specific parameters for the corresponding processes involved in the electrode
system. The variation of the impedance spectra with operating conditions can
provide valuable information regarding the electrode kinetics, such as possible
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rate limiting step and its kinetic characteristics as presented by the parameters
derived from the model.

400

-300 |-

-100 0 l 100 200 300
Z (Ohm)

Figure 10. Nyquist plots for the Ni/PGC (O: -0.6 V, O: -0.5 V, and
A:—0.4V, vs. Ag/AgCl) and SS/PGC (W : —0.5 V and ®: 0.3 V, vs.
Ag/AgCl) electrodes with different DC biases.

(Reproduced with permission from reference 45. Copyright held by author.)

EIS can be used to detect variations in dominant electrode behavior during
the polarization process. The impedance data is then analyzed and visualized
using software in graphical presentations such as the Nyquist (or Bode) plots.
The variation of the frequency responses with polarization conditions are
generally used to interpret possible limiting mechanisms associated with the
overall charge transfer process. For example, Figure 10 presents the frequency
response of the Ni/PGC and SS/PGC electrodes (see Figure 7) under three
potentiostatic conditions in the hydrogen oxidation region [45]. As the Ni/PGC
enzyme-immobilized electrode is polarized to the maximum hydrogen oxidation
current (from —0.6 V to —0.4 V vs. Ag/AgCl at 75°C), the low frequency branch
of the complex impedance curve becomes more defined as a semicircle arch
with decreasing impedance, implying a radical departure in reaction mechanism.
This was found to be consistent with the onset of nickel support oxidation,
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which was reinforced by DC-polarization and dynamic potentiometric data [45].
In the critical hydrogen oxidation region (0.6 to —0.5 V vs. Ag/AgCl), both
Ni/PGC and SS/PGC electrodes showed similar impedance behavior, which is
independent of the DC bias (Figure 10). This behavior suggests that:

(1) The electrode supports (Ni or SS) did not affect the impedance behavior.

(2) The impedance behavior must be dominated by mass transport, not charge
transfer. This conclusion was further supported by evidence obtained from
DC polarization measurements and by mass transport calculations of
limiting current densities.

(3) The result also implies that charge transfer is quite efficient by the adsorbed
hydrogenase.

EIS has not yet received wide spread use in the investigations of bio-fuel
cell applications. That said the broad utility and capability of EIS promises to
be a useful tool for kinetic study in biological materials, films, and systems; e.g.,
[45-51].

Spectrophotometry

Spectrophotometry is generally used as a technique to determine enzyme
activity and kinetics in free solution based on Michelis-Menten type models
[52].  The spectrophotometric measurements of reagents exposed to
immobilized enzyme electrodes have also been used to estimate the kinetic
parameters (V,,,, and Kj,) of bound enzymes on an electrode surface by the same
analysis. In this case the performance of the electrode is affected by both
enzyme kinetics and mass transfer throughout the electrode architecture;
especially when porous medium transport is involved in the measurement.
Ideally, one should estimate the kinetic parameters in a manner that separates
out the effects of mass transport [5S2]. The issue lies on the concentration
gradient created by the mass transport, largely due to diffusion and/or migration.
A possible solution is to estimate the reactant concentration at the enzyme
surface based on a diffusion model and the bulk concentration that can be
measured by spectrophotometric detection in situ or, if necessary, ex situ by
HPLC analysis. An example of this approach is illustrated in Figure 11 [52].

The mass transfer characteristics of the electrodes are estimated by
comparison of experimental data against model predictions of system
performance in the presence of continuous flow. Thereafter, a combined mass
transfer parameter is calculated and the enzyme kinetic parameters evaluated. In
the case of immobilized alcohol dehydrogenase, it can be shown that these terms
can be related to the concentration of the NADH leaving the biofuel cell and the
flow rate by [52]:
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. F-NAD
y b -[NAD,; - NADH , - —Mi]
F-NADH, = N (25)
. -NA
K+ (NAD,; -~ NADH, - %J
NAD*
M(cm’ / min)=D,;; - 45460 (26)

L

where F is the flow rate, the subscripts b refer to bulk solution and res to the
reservoir, and M is the lumped mass transfer parameter. The LHS can be
measured experimentally and the RHS can be plotted in the form of a
Lineweaver-Burke plot, assuming a value for the combined mass transfer

parameter M is used. If the assumption is made that the value for K**" will
not change from the K), measured for the enzyme in free solution, then a value

of M can be selected to yield a value for K”" that is equivalent to the value
determined in free solution (Figure 11).

(F-N4DH,)"

1 -1
ke (NAD;, — NapH, - - M4DHy J
NAD®

Figure 11. Lineweaver-Burke plot with a lumped mass transfer model [52] for
immobilized enzymatic catalytic electrode, which can be used to estimate Vg
and K, for the specific enzymatic system.
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In practice, we have found the reproducibility of the method to be quite
good. If each determination of V,,,, and D'eﬂ has been executed using data from
at least three experiments, with each experiment conducted at a constant flow
rate and three different feed concentrations of NAD", consistent model fits for
Vimax and M were found for alcohol dehydrogenase immobilized on PGC
electrodes (by direct adsorption) or within conductive polypyrrole films. The
PGC was found to be 26 times more active than the polypyrrole/stainless steel
electrode after correction for mass transfer effects (V.. of 0.062 versus 00025
pumol/min). While it is clear that the greater activity of the PGC electrode could
have been due to a number of factors that the model is not detailed enough to
predict, it can be stated that the measured activity has been separated from the
effects of mass transfer. Hence, the lower measured activity (V,.,) for the
polypyrrole electrode is likely due to lower enzyme loading as opposed to mass
transfer effects. While this model has its limitation, it does establish a simple
method to address the need to eliminate the effect of mass transfer when using
absorbance spectrophotometry to determine the kinetic parameters of bound
enzymes.

Spectrophotometric measurements can also be combined with
electrochemical characterizations to derive additional performance parameters.
Usually, the catalytic behavior is measured through the absorbance of a cofactor
(e.g., the disappearance or appearance of NAD" at 340 nm) or mediator that has
been oxidized (e.g., methyl viologen). In the latter case, the actual enzyme
activity can be measured, when coupled with electrochemical measurements of
current, and used to estimate the charge transfer efficiency of bound enzyme
[45]. To do this, the maximum theoretical current density is first calculated
from the spectrophotometric determination of enzyme loading (and assuming
perfect charge transfer efficiency), and then compared to the actual current
density measured from the DC polarization experiments. The maximum
theoretical current density is calculated from Faraday’s law:

_dH/dt
ASA

I=n-F 27

where (in the case of a hydrogenase enzyme electrode) the hydrogen oxidation
rate per unit electrode surface area (dH/dr)/ASA is estimated by first measuring
the activity per unit electrode surface area (U/cm?®) and then multiplying this
term by the definition of hydrogenase enzyme activity (e.g., 1 unit of enzyme
activity is equal to 1 umole of hydrogen oxidized per minute). The charge
transfer efficiency of the bound enzyme is then calculated by taking the ratio of
the actual measured current density to the theoretical value, expressed as a
percentage.
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Imaging

Imaging techniques are used to characterize surface morphology of
biocatalytic electrodes, which are often exposed to solution environments.
There are many options available, including optical microscopy [53], scanning
electron microscopy (SEM) [54], atomic force microscopy (AFM) [53-56],
scanning tunneling microscopy (STM) [57], transmission electron microscopy
(TEM) (58], scanning electrochemical microscopy (SECM) [59], acoustic
microscopy [60], confocal microscopy [61,62], or imaging ellipsometry [63-65].
Most of these imaging techniques are typically performed ex situ, which may
require that the samples are analyzed after certain preparation steps, e.g.,
dehydration; or under conditions that may introduce artifacts into the samples
and lead to observations that might not reveal the true morphological features in
the solution. Techniques that allow in situ observations are therefore more
desirable in this case.

One of such in situ techniques is AFM because it allows imaging of the
electrode surface in the liquid phase without the requirement of drying. When it
is used in a tapping mode with a precisely balanced cantilever beam to trace out
the surface of the sample in the solution, it can reveal detailed sample
morphology. Figure 12 shows an example of a polypyrrole (PPy) film scanned
for a 2 x 2 square micron area under a wet (right) and dry (left) condition,
respectively. The images show that the morphology at about the same film
location for both wet and dry conditions is about the same. The less discernable
resolution in the height map of the wet condition indicates that the height
variations are more in wet than in dry, a result of swelling.

Although in situ, imaging with AFM is tediously difficult to control and to
yield high quality images. The scan rate for a large area is also slow, therefore
time consuming. When a more informative and non-invasive in situ imaging
technique is required for monitoring a dynamic system, for instance, to measure
the growth of the immobilization matrix or polymerized mediator film in situ as
it grows, a better approach has to be sought. Imaging ellipsometry is a
technique that provides such capability for observing thin film growth or
immobilization process, almost in real-time [54,63-65]. Consider the example
of polypyrrole deposition from free solution onto platinum support. Figure 13
suggests how the initial film formation with different current density might have
set the tune for the morphological development. As the current density
increases, the film grows with increased roughness in the formation. On the
other hand the film thickness increases with current density. Since the amount
of charge passed in the deposition is the same, we would expect the mass
deposited should be the same. This observation implies that the film gravimetric
density might not be the same; thus, the higher current density will produce
a thicker film with lower gravimetric density. Nonetheless, the thickness
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estimates were however much lower than what we anticipated according to the
amount of charge and the reported correlation of thickness with charge in the
literature [66].

Characterizations of Physical Properties

Important physical properties of a fabricated electrode include porosity,
pore size and distribution, geometric, total, and active surface area, thickness,
and density. If the electrode is a (sub)-monolayer of enzyme immobilized onto a
flat surface (e.g., on a glassy carbon or platinum electrode), some of the terms
are either irrelevant (e.g., porosity, thickness, density) or quite easy to define
and measure (e.g., for a smooth surface area with minimal roughness). In the
case of an electrode with a thick, porous catalytic film on the surface (e.g.,
Figure 3), it will require more detailed characterization of its porosity, pore size
and distribution, ASA, thickness, and gravimetric density, in order to correlate
the catalytic properties (e.g., reaction kinetics and mass transport) with these
physical parameters. Some of these properties are interdependent and also key
parameters in defining performance. For instance, increasing the porosity of a
film without changing the thickness or geometric surface area will decrease the
gravimetric density but increase the ASA. Films with the same porosity but
different pore sizes and distributions may exhibit very different transport and
kinetic behavior in performance [6,67].

The latter concept underscores the impact of pore structure and distribution
on the mass transfer properties of a porous electrode. The ability to control pore
structure (architecture) permits the ability to control the R term in equation (3)
and consequently improve the current/power density that can be achieved for a
given chemistry (V,,,). The development of techniques to control pore structure
and to accurately determine the physical properties of the porous catalytic film,
especially in the micro- and nano-scale, is therefore highly desirable.

Porosity (®) is the ratio of void volume to total volume of the sample [68]:

1- Vm(=Vl —Ve)
v,

t

0= (28)

where V,, is the solid volume of the sample, whereas V, is the geometrical total
volume, and V, is the empty void volume. V,, can be determined by the apparent
densities method or the pycnometric method. In the apparent densities method
Vi is given as V,, = my/p,,, where m, is the mass of the dried sample and p,, the
density of the raw sample material which has been previously determined.
Porosity can also be measured by the pycnometric method, which measures the
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mass m, of a pycnometer filled with a suitable fluid of known density and m; of
the same pycnometer when it contains the sample.

m,+m, —m,
Vi Py

O=1 29)

where p, is the density of the known fluid. It is important to note that the
reliability of this method depends upon the ability of the fluid to wet the porous
structure effectively. A more accurate variation of pycnometry uses mercury as
the penetrating liquid, in the so called mercury-porosimetry. The mercury is
forced to enter the pores under pressure in a calibrated pycnometer in a manner
in which the intruded volume is registered at each pressure.

Vintr P Hg

R Py

(30)

where Vi, is the total volume intruded and m,, m.yg, m.s, and m.sy, are the
masses of the cell emptied, filled with mercury, filled with the sample and filled
with the sample and mercury, respectively [68].

To get an estimate of pore size and total surface area, BET is the most often
used technique. The BET technique measures both flow-through pores and
blind pores in the porous medium in a more or less static mode (in equilibrium),
which estimates the bulk pores size and total surface area available for
adsorption of the gas, but does not yield an ASA, which represents the true
surface area that is accessible by the reactants.

The gas permeation test is part of a larger group of tests that are applied to
membranes (e.g., bubble point technique, solute transport, mercury intrusion,
permporometry, and thermoporometry [69]). In gas penetration (or permeation)
tests, a pure gas (e.g., nitrogen) is selected as a standard gas and the permeation
flux through the membrane is measured at different transmembrane pressures.
The mean pore size is calculated from the lineal plot of mean pressure and the

following equation
16(S, Y 8-RT\"
"f?(?}(ﬂ.ﬂ g D

where S, and ], are the intercept and slope of the line between permeance and
the mean pressure, respectively; R is the gas constant; T is the absolute
temperature; M is the molecular weight of the gas; and g is the gas velocity [55].
Unfortunately, such techniques useful for permeable membranes may not be
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directly applicable to biocatalytic electrodes in those cases where the
immobilization matrices are made from the deposition of a polymer from
solution (e.g., Nafion or polypyrrole) onto a flat surface. In these cases it can be
difficult to either remove or isolate the membrane in a device or permit the
application of transmembrane pressure across the polymer film matrix.

When defining the pore structure, the thickness of the polymer film is also
an important parameter to consider. Several methods have been proposed to
determine the thickness. In the case of conductive polypyrrole films [66], the
film thickness per geometric area can be determined in situ by techniques such
as ellipsometry [54,63-65], or by measuring the charge transferred and using the
charge-thickness correlation reported in [66]. More recently, combining several
techniques for in situ characterization has been favored. This approach can
bring additional benefits for direct correlation of physical parameters in a system
to gain better understanding and control of the process. For example, one can
combine imaging ellipsometry and quartz crystal microbalance to characterize
the deposition of polypyrrole. In Figure 14 the characteristic vibration
frequency change of the quartz crystal electrode is plotted for the
electrochemical deposition of polypyrrole from a 0.1 M pyrrole solution under a
potentiostatic condition of 0.8 V vs. Ag/AgCl. The finished film reduced the
crystal frequency by 1,542 Hz. According to the Sauerbrey equation, a
polypyrrole film of 27.4 pg/cm’ was deposited on the electrode. If the film
thickness was estimated, according to d = 2.5 x C [66], to be 195 nm, the
deposited polypyrrole film density would be 1.41 g/cm®, which is close to but
lower than the reported value of 1.58 g/cm® [66]. A possible source of error for
the discrepancy may come from an inaccurate estimation of thickness using the
literature value for much thicker films. If the film density would follow 1.58
g/cm’ in the literature, the film thickness would be about 176 nm, instead of 195
nm. Using ellipsometry in combination with quartz crystal microbalance, one
will have a much better methodology to investigate if the mass or the thickness
attributed to the discrepancy.

Determination of Chemical Properties

Chemical composition can be determined by a number of techniques which
include various forms of infrared or Raman spectroscopy [65,70,71], X-ray
photoelectron spectroscopy (XPS) [72], electrochemical quartz crystal
microbalance (EQCM) [73,74], pyrolysis-gas chromatography (GC)-mass
spectroscopy [75], surface plasmon resonance [76], water contact angle or
microscopic wetting [63,65]. The characterization of chemical properties along
with the complementing physical properties can provide us needed information
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Figure 14. Quartz crystal microbalance result recorded in situ during a
potentiostatic polypyrrole film deposition in aqueous solution. Correlation
with charge is shown.

to define the Idcal environment that the enzymatic catalysts embed with. This
information is critical for the improvement of the enzyme activity and stability.

An interesting approach is to utilize the fluorescence tagging technique to
label the enzymes or the adjacent chemical environment to reveal the
distribution of the enzymes and their interactions with the local chemical
environments. Fluorescence is the property of some atoms and molecules to
absorb light at a particular wavelength and to subsequently emit light of longer
wavelength after a brief interval, termed the fluorescence lifetime [77]. Through
appropriate choice of a specific fluorophore, one can potentially select for
probes that will emit at wavelengths that are unique to any other fluorescent
material in the system. If this occurs, one can detect the presence of that
specific probe and, if used in conjunction with confocal laser scanning
microscope, actually focus measurements spatially.

As such, quantitative fluorescence spectroscopy can in principle be used to
measure the amount of enzyme immobilized, to probe the regional pH or
polarity of a polymer matrix, and to reveal dynamic aspects of the enzyme in the
polymer matrix. For example, if the amount of fluorophore bound per enzyme
can be controlled, then the measured intensity of fluorescence should be
proportional to the amount of enzyme immobilized. If the fluorophore emission
is sensitive to pH or polarity (as is the case with the dye Nile red), one can probe
the micro-chemical environments immediately surrounding the immobilized
probe [78,79]. If the probe is bound to the enzyme, fluorescence is a potentially
powerful technique to probe how enzymes interact with their polymer matrix.
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Figure 15. Lysine groups on YADH which are available for binding fluorescent
probes (Reproduced with permission from the author. Copyright held by author.)

A working example can be found with yeast alcohol dehydrogenase
(YADH) bound with different dyes to reveal their interactions with the hosting
matrix, such as Nafion or Eastman AQ, which act as polymer backbones to host
enzymes in their porous structure for immobilization [80]. Initially the selected
probe (either amine reactive for binding to NH, groups or thyol reactive for
binding to SH groups) is dissolved in an appropriate solvent (e.g., DMSO) and
then mixed with the enzyme in buffer. The mixture is then incubated
sufficiently long for the enzyme to bind to the target amino acid (typically lysine
groups, Figure 15). In general one looks to have a 10 fold excess of dye to
enzyme but this can vary depending upon the binding protocol which must be
optimized for each enzyme and probe combination. The goal, however, is to
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achieve a dye to enzyme binding ratio that gives both a strong signal without
deactivating the enzyme. In our work we have found, for example, that a
binding ratio of 1:1 for Alexa 488 succinimidyl ester works well. In general,
though, one will find that higher dye to enzyme binding ratios will lead to higher
labeling of the enzyme but lower enzyme activity.

After incubation the unreacted dye must be separated from the labeled
enzyme. Typically this can be achieved on a PD-10 column using 50 mM
phosphate buffer as the effluent. The collected fractions should be verified for
specific activity and the most active fractions combined and concentrated using
microfilters (Millipore) and centrifuging at 14,000 rpm for about 20 minutes.
Thereafter the labeled enzyme should be dialyzed for 24 hours against 50 mM
TRIS buffer, pH 7. This should leave one with a pure solution of tagged
enzyme absent of free probe, which is important for the subsequent microscopic
imaging. One should confirm the successful labeling of enzyme by checking for
an increase in the polarization of the dye. Finally, the degree of labeling can be
determined by taking absorption spectrum of the product to estimate the
concentration of both protein and dye using the extinction coefficient. Typical
protocols can be found through the manufacturer (Molecular Probes, Invitrogen,
Inc.). It is worth noting that, in reality, this calculated value is an approximation
of a Poisson distribution.

In our work we have entrapped tagged YADH in both Nafion and Eastman
AQ polymer films and imaged the composite with both wide field
epifluorescence and confocal laser scanning microscopy [81]. Wide field
epifluorescence microscopy has not been proven particularly useful since the
resulting image is a gross measurement of fluorescent intensity (i.e., the 3-D
distribution mapped down to a 2-D surface). Unless one were able to slice the
composite films down into ultra thin cross sections it is difficult to extract useful
information. By contrast we have found that confocal microscopy to promise
powerful results. While a description of confocal microscopy and how it works
is beyond this presentation, it is worth noting that confocal imaging permits the
viewing of isolated slices or sections of the sample and these images can be
viewed and analyzed using appropriate software. Each slice can then be
restacked to reconstruct the volume using appropriate software. Figure 16 [81]
shows two such images for Alexa 488 tagged YADH entrapped in Eastman AQ.
Image A (left) shows a typical 2-D slice taken near the surface of the film. One
can see that the enzyme is sequestered to circular pores. In Image B (right), it
shows the 3-D reconstructed map in which Image A was just one of many slices.
In this image it becomes clear that the pores extend deep into the film suggesting
that the entrapped enzyme has been entrapped in deep circular pores and are not
distributed homogeneously throughout the polymer matrix.

We are currently investigating the role of the probe in directing the enzyme
distribution and interaction with the polymer. As with all characterization
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techniques, it is important to clarify how the measurement technique impacts the
result. In our work we have shown that enzymes can be tagged with more than
enough probe to be visualized but without loss of enzyme activity. We are now
looking into the effect of probes that possess positive, negative, and neutral
charge to understand how they interact with the chemical environment of the
hosting matrix. Clarifying these effects will permit the expanded use of
fluorescence to measure the distribution of enzyme in polymer matrices, as well
as probing the micro-chemical environments immediately surrounding the

enzyme.

Standardization of Electrochemical Measurements

As a last comment the authors would like to note an important aspect of,
and the perceived difficulty in, standardizing electrochemical measurements.
Most such characterizations of electrodes or cells are difficult to replicate across
labs, in part because the lack of a consistent physical geometry used for test cells
makes it exceedingly difficult to compare performance. Although this is a
common issue among many disciplines, in the field of biofuel cells it is more
sensitive and vulnerable to this concern due to the low level of signals. For
instance, as the electrolyte solutions used in the investigations are often
buffered, the solution resistance to ion transport can significantly alter signals in
electrochemical measurements. Given this impact, the placement of electrodes
(i.e., the test cell configuration and the associated field) becomes critical in
shaping the electrical signals in the measurements. Even small variations in the
placement can alter the signals noticeably, making it difficult to discern any
relative performance deviations of an electrode or cell. Therefore, it is sensible
to conduct testing in common test cell geometry across experiments and labs in
order to compare experimental results and facilitate meaningful discussions.
Currently, the authors and their MURI colleagues are engaged in an exercise to
determine to what extent using test cells of fixed geometry can be employed for
cross laboratory comparison and validation of experimental data using identical
electrode fabrication and test protocols. A prototype test cell being used in this
exercise is presented in Figure 17A. Figure 17B presents an extended version
that permits experiments where solution and headspace aeration with inert gas is
required.

Conclusion
Power generation in bio-fuel cells involves complex optimization of

electrode design and fabrication. Enhancing enzyme loading and prolonging
their stability are critical issues, which require careful engineering of



325

Figure 17. Modular stack cell. In image (A), (1) the platinum counter
electrode, (2) reference electrode, and (3) working electrode.

immobilization processes, the creation of favorable porous structure to host the
enzymes and to retain their activity and stability, and the provision of
multidirectional and multidimensional pore channels that promote mass transfer
of fuel. To quantify and characterize improvements in these aspects, it is
important to employ various in situ analytical techniques that can characterize
properties on scales ranging from microscopic (atomic level) to macroscopic
(size of cell) in order to provide temporal and spatial correlations. In this
manner, one can begin to understand the intricacy of the enzyme’s interaction
with its local environment and ability to effectively conduct catalytic behavior to
generate power with high efficiency. It is also important to finally test
performance in a well defined test cell geometry.

We have discussed several important aspects in the optimization of power
generation and cell performance. The aspects of thermodynamics and kinetics
in the selection of cell chemistry and design have been presented in terms of the
basic power generation concept and requirements. These considerations dictate
the characterization and comparison methods for electrode and cell performance.
We outlined a number of characterization techniques, particularly for in situ
observations, to help characterize the material, process, component, and system
performance of the bio-fuel cells.
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Using a few interesting illustrations, we showed that, for instance, the use of
electrochemical techniques to yield macroscopic performance characteristics in
situ, and imaging ellipsometry and fluorescence to reveal microscopic properties
of the electrode and its porous matrix. In addition, we were able to correlate
performance characteristics with detailed physical properties in the microscopic
dimensions and with improved temporal and spatial resolutions. Although it is
important to realize the advantages of each technique, one should also
understand the limitations.

In the area of physical characterizations, we often need to have dimensional
resolutions, particularly in the imaging application, on the order of nanometers.
Among several useful techniques available to date, including high resolution
SEM and TEM, AFM seems to be the choice for in situ measurements.
However, operating AFM in situ in solutions is very challenging and tedious;
therefore it is difficult to yield useful temporal information in transient studies.
There exists a disparity in the limitations of spatial resolution in the imaging
techniques. Typical optical characterizations, including confocal microscopy
and surface imaging in ellipsometry; have limitations in the spatial resolution.
Due to constraint in the optics, they only can achieve the best in the submicron
range. Although high resolution SEM and TEM can provide better resolutions,
they often provide ex situ information, therefore presenting limited value.
Imaging ellipsometry provides very good resolution for in situ thin film and
interface study, therefore its potential needs to be fully explored. We believe
that there is a need to develop more powerful imaging techniques in the meso-
scale range for in situ studies.

Most importantly, it is conceivable to integrate several non-invasive, in situ
characterization techniques, with high spatial and temporal resolutions, to allow
us to monitor and characterize the biocatalyst and microelectrode behavior. It is
lucrative enough to believe that such well-correlated characterization is the most
direct method to fully understand the biocatalysis and to effectively optimize its
use. It is also important to integrate from both macro and micro scales a
collective understanding of material, electrode, cell, and system performance.
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Chapter 20

Soybean Qil Biofuel Cell: Utilizing Lipoxygenase
Immobilized by Modified Nafion® to Catalyze
the Oxidation of Fatty Acids for Biofuel Cells

Jeanne L. Kerr and Shelley D. Minteer

Department of Chemistry, Saint Louis University,3501 Laclede Avenue,
St. Louis, MO 63103

The goal of this research was to build a biofuel cell that
produces power from lipoxygenase enzymes catalyzing the
oxidation of the main components of soybean oil. In this
research, Nafion® was modified by ammonium salts to
immobilize the lipoxygenase enzyme and allow facile transport
of the fuel through the membrane to the enzyme. Modified
Nafion® retains the original properties of Nafion and improves
the surface conditions of the electrode for an enzyme.
Bioanodes are fabricated by coating carbon supports with
lipoxygenase immobilized within the modified Nafion®.
Lipoxygenase catalyzes the oxidation of the fatty acid
components of soybean oil. Ultimately, the goal will be to
optimize the soybean oil bioanode to optimize power output
and produce a stable bioanode for the fuel cell.
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Biofuel cells are being developed as an alternative to traditional fuel cells. A
biofuel cell is similar to a traditional fuel cell except at least one of the anodic or
cathodic catalysts is a biomolecular catalyst, such as an enzyme or a living cell (1).

The goal of this project is to build a biologically active fuel cell that
produces power from enzymes catalyzing the oxidation of soybean oil.
Traditional batteries and fuel cells are made of metals that are not
biodegradeable and many produce an environmental hazard due to the possibility
of these metals leaching into the ground water. This research describes a fuel
cell made of soybean oil fuel, carbon conductor, and enzyme catalysts is far
more environmentally friendly and renewable than other fuel cells and batteries.

In this research, commercial Nafion® is modified by quaternary ammonium
bromide salts to immobilize the chosen enzyme and allow facile transport of the
fuel through the membrane to the enzyme. Quaternary ammonium bromide salt-
treated Nafion® membranes provide an almost ideal environment for enzyme
immobilization (2). Modified Nafion® retains the original electrical properties
of Nafion®, increases the mass transport of ions and neutral species, lowers the
acidity of Nafion® polymer to neutral pH, and increases the size of the pore for
easier immobilization of large and complex molecules such as enzymes (2-4).

This research developed lipoxygenase bioanodes which are utilized in a
soybean oil biofuel cell. Lipoxygenase catalyses the oxidation of certain fatty
acids found in soybean oil. Soybeans are grown in bulk quantities in the United
States and soybean oil is easily extracted from the soybeans as a byproduct of
soy-protein/soy-meal extraction.  Although the individual components of
soybean oil vary by source, most soybean oil contains linoleic acid, linolenic
acid, oleic acid, stearic acid, and palmitic acid. Myristic acid also sometimes
appears in soybean oil. Since enzymes are a renewable resource, and
lipoxygenase can also be extracted from the soybean plant itself among other
plant and animal source tissues, this electrocatalytic system is more
environmentally friendly than traditional metallic systems. Lifetime studies were
conducted in this research to determine how long lipoxygenase can be
immobilized at the surface of an electrode without any significant degradation in
power performance. So far, the results of the lifetime studies have been
promising and they are still continuing. Ultimately, the goal will be to optimize
the soybean oil-based lipoxygenase bioanode to optimize power output and
produce a stable anode for the fuel cell.

Background

Enzyme Immobilization Method

In this research, lipoxygenase is immobilized within hydrophobically
modified Nafion membranes. Our research group originally developed this
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method of enzyme immobilization for use in immobilizing dehydrogenase
enzymes for fuel cells involving such fuels as ethanol, glucose and fructose (5).
Within the past couple of years, other classes of enzymes that were immobilized
have also shown success within this immobilization system. An ion exchange
polymer, Nafion®, was chosen because of its unique micellar structure, its’ useful
physical properties, and ability for facile mass transport for ions and neutral
species. While researching Nafion®, it was found that the polymer was acidic
and was limited on mass transport due to it’s small pore sizes. It was determined
through experimentation that the polymer could be modified by exchanging the
protons on the sulfonic acid side chains with quaternary ammonium salts to
decrease acidity to a near neutral pH and increase pore sizes to enhance mass
transport, while maintaining useful physical properties and lifetime of the
polymer (5). Specifically, quaternary ammonium bromide salts were chosen
because they are commercially available in a wide variety of alkyl chain lengths.
Tetrabutylammonium bromide was utilized to modify Nafion® in order to
immobilize alcohol dehydrogenase and bilirubin oxidase for the anode and the
cathode of the ethanol biofuel cell (5). Triethylhexylammonium bromide
modified Nafion® was also utilized to immobilized the two enzymes and both
stability and increased mass transport were noted in both enzymatic systems (5).

Soybean Oil as a Fuel

Soybean oil is composed from five primary fatty acids: linoleic acid, oleic
acid, linolenic acid, palmitic acid, and stearic acid (6). Linoleic acid usually
composes the majority of the soybean oil with a minimum of half of the
composition. Oleic acid usually composes around twenty percent of the soybean
oil. The remaining fatty acids (linolenic, stearic, palmitic, and trace acids such
as myristic) compose the remainder of the soybean oil (6). The composition of
soybean oil actually varies within the individual plants grown in various farmer’s
fields. Linolenic and linoleic acids are both polyunsaturated fatty acids, oleic
acid is a monounsaturated fatty acid, and the remaining stearic and palmitic acids
are saturated fatty acids. DuPont has been working on optimizing the oleic acid
content of soybean oil so as to produce a potentially healthier product. The
results of DuPont’s work comparing the standard composition of soybean oil to
the oleic acid enhanced composition of soybean oil are shown in Figure 1 (6).

Lipoxygenase
Lipoxygenases constitute a family of non-heme iron enzymes that catalyze

the dioxygenation of polyunsaturated fatty acids. Their recommended names
are listed as: lipoxygenase [E.C. 1.13.11.12] (LOX), arachidonate 5-lipoxy-
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geanse [E.C. 1.13.11.34] (5-LOX), arachidonate 8-lipoxygenase [E.C.
1.13.11.40], linoleate 11-lipoxygeanse [E.C. 1.13.11.45], arachidonate 12-
lipoxygenase [E.C 1.13.11.31] (12-LOX), and arachidonate 15-lipoxygenase
[E.C 1.13.11.33] (15-LOX). The recommended and common names are
generally determined by which carbon within the carbon-chain on archidionic
acid is oxidized. Some lipoxygenases will almost exclusively produce one
product, while other lipoxygenases will produce a mixture of products. The
standard lipoxygenase tends to be more selective towards the thirteenth carbon in
the fatty acid chain (7). In polyunsaturated fatty acids, the double bond located
near the carbon effected by the oxidative process is shifted one bond closer to
the carbonyl and changes from a cis-formation to a trans-formation.
Lipoxygenase is sometimes used in the process to synthesize certain anti-
inflammatories. In these studies, lipoxygenase is utilized to aid in the break
down of soybean oil into smaller components. Our studies primarily focused on
the use of lipoxygenase-1 from glycine max. Lipoxygenase-1 from glycine max
was selected due to its’ selectivity in the carbons affected and its commercial
availability. This particular lipoxygenase has shown that it is stable when
immobilized in a modified Nafion® membrane and literature has shown that it
consistently produces the same products from linoleic and linolenic acids.

Experimental Procedure

Materials

The following materials were used for the fuel cell: Nafion™ 117
membrane (DuPont Company), platinum cathode (E-Tek ELAT Electrode, 20%
Pt on Vulcan XC-72, O.Smg/cm2 Pt), carbon cloth (AvCarbTM Grade P50 Carbon
Fiber Paper) with modifications as listed below.

The following reagents were used to prepare the fuels: potassium
phosphate, sodium hydroxide, sodium chloride, soybean oil, linoleic acid, oleic
acid, linolenic acid, stearic acid, palmitic acid, and myristic acid.

The following materials were used to modify the anode: Nafion®
perfluorinated ion-exchange resin (5 wt.% solution in lower aliphatic
alcohols/H,O mix), lipoxygenase (EC 1.13.11.12, 70,800 Units/mg),
tetrabutylammonium bromide (TBAB), triethylhexylamonium bromide (TEHA),
trimethylhexylammonium bromide (TMHA), trimethyloctylammonium bromide
(TMOA), triethyldecylammonium bromide (TMDA), trimethyldodecyl-
ammonium bromide (TMDDA), and trimethyltetradecylammonium bromide
(TMTDA). All materials listed were obtained from Sigma-Aldrich unless
otherwise noted. Data was obtained with a CH Instruments Electrochemical
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Analyzer Model 611B, and a CH Instruments Electrochemical Analyzer/
Workstation Model 684. At least three replicates of each type of biofuel cell are
tested.

The following materials were used to perform the enzymatic assays: 200
mM borate buffer (B-0252), 1 M sodium hydroxide, 95% (v/v) ethanol, linoleic
acid (L-1376), Nafion® perfluorinated ion-exchange resin (5 wt.% solution in
lower aliphatic alcohols/H,O mix), lipoxygenase (EC 1.13.11.12, 70,800
Units/mg), tetrabutylammonium bromide (TBAB), triethylhexylamonium
bromide (TEHA), trimethylhexylammonium bromide (TMHA), trimethyloctyl-
ammonium bromide (TMOA), triethyldecylammonium bromide (TMDA),
trimethyldodecylammonium bromide (TMDDA), and trimethyltetradecyl-
ammorium bromide (TMTDA). Data was obtained with a Cary 50 Bio UV-Vis
Spectrophotometer. All 