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Preface

The interface between electronics and medicine has resulted in extraordi-
nary benefits for recent generations in clinical practice. The development of
electrocardiography nearly a century ago can be considered a key milestone
for chronicling the electrical activity of the heart, thus providing one of the
defining moments in the field of cardiology. A similarly important advance
was the development of the heart pacemaker, which has transformed the
lives of millions of people and continues to serve an ever-aging population.
The legacy of biomedical research at the interface between electrical engi-
neering and human physiology has empowered these discoveries.

In recent times, however, “bioelectronics” has diversified into a mul-
tifarious and cross-disciplinary field. In this book, a selection of leading
scientists and technology experts describe advances in nanoscale elec-
tronics and how they mesh with the bioengineering community to deliver
specific applications. The contributors chronicle a wide span of opportu-
nities, possibilities and challenges for this diverse interdisciplinary field.
The principal themes of this volume on advanced bioelectronic materials
are: miniaturization of bioelectronics, smart biosensing, and a systemic
approach for the development of bioelectronics. The machinery and pro-
cedures that will facilitate these areas will also have a significant impact on
other areas such as advanced security systems, forensics and environmen-
tal monitoring. The evolution of all these segments entails innovations in
cross-cutting disciplines ranging from fabrication to application.

We hope that this collection of articles will help convince stakehold-
ers from academia, government and industry to cooperate in developing a
comprehensive bioelectronics roadmap to accelerate the commercialization
of bioelectronic materials for novel biomedical devices. This work provides
a comprehensive description of some of the emerging opportunities in bio-
electronics facilitated by the development of novel materials. While it is
challenging to evaluate the exact economic benefits from this technology
at the current stage, a clear sense of the magnitude of the benefits to man-
kind and society are apparent.



xvi PREFACE

In order to reflect the promise of bioelectronics at this time, we have
endeavored to include research that crosses several disciplines, including
electronics, materials science, human physiology, chemistry and physics. It
is intended for a wide spectrum of readers, offering perspectives on aspects
of both fundamental and advanced materials of the field and covering:

o Molecular-electronic interfaces;

o Stimuli-responsive (mechanical, electrical, chemical and
thermal) materials;

 Real-time monitoring of essential parameters to assess the
state of biomolecules; and

« Smart biosensing.

The successful translation of this multidisciplinary research to commer-
cial reality needs a deep understanding at a very early stage of the interface
between electronics and biology. This book addresses researchers in a
range of sectors and disciplines who do not necessarily speak with the same
‘language, but who are willing to commit to a collaborative effort in areas
such as this, where interdisciplinary contributions are key for success.

The Editors

August 22, 2015
Ashutosh Tiwari
Hirak K. Patra
Anthony PF Turner
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Micro- and Nanoelectrodes in Protein-
Based Electrochemical Biosensors for
Nanomedicine and Other Applications

Niina J. Ronkainen*

Department of Chemistry and Biochemistry,
Benedictine University, Lisle, IL, USA

Abstract

Electrochemical biosensors have gradually decreased in size from devices con-
taining electrodes with micrometer critical dimension to nanoelectrodes over
the past 35 years. Nanoelectrodes are now also being used both in vivo and in
vitro, in the quantification of various analytes of biological interest such as dopa-
mine, serotonin, glutamate, lactate, glucose, and cancer biomarkers. Their small
size is an advantage, allowing the study of biological analytes in small intracel-
lular and extracellular environments to be less invasive, compared to larger
electrodes. Micro- and nanoelectrodes have been used in applications such as
single-cell or single-molecule studies, point-of-care clinical analysis, coordi-
nated biosensor development, and fabrication of microchips. Indeed, biosensor
applications in medicine utilizing nanoelectrodes and nanoelectrode arrays are
a rapidly developing research area due to significant advancements in materials
science, more cost-effective and reproducible nanomaterial fabrication methods.
The electrochemistry, common applications as well as integration of the electronic
transducer, and the biological recognition components into the appropriate bio-
sensors will be described.

Keywords: Biosensors, electroanalytical methods, microelectrodes, nanoelec-
trodes, nanomaterials, voltammetry, amperometry, clinical analysis

*Corresponding author: NRonkainen@ben.edu

Ashutosh Tiwari, Hirak K. Patra and Anthony P.E. Turner (eds.) Advanced Bioelectronic Materials,
(3-34) © 2015 Scrivener Publishing LLC
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1.1 Introduction

Electrochemical biosensors may be divided into biocatalytic devices such
as enzyme electrodes and affinity biosensors based on a highly specific
immunochemical reaction between an antibody and an antigen. Over the
past 35 years, electrochemical biosensors have gradually decreased in size
from devices containing electrodes with micrometer critical dimension to
nanoelectrodes. In addition, since single micro- or nanoelectrodes gener-
ate rather small currents that can be difficult to distinguish from back-
ground noise using standard electrochemical equipment, electrode arrays
and ensembles which amplify the measured current are an active area of
research. Furthermore, the fabrication of electrodes and biosensors that
incorporate nanomaterials as well as their characterization once prepared
have also been studied extensively. Indeed, the integration of electronic
transducers and the biological recognition components into biosensors is
critical in the development of highly sensitive, nanobiosensors suitable for
clinical analysis.

Many nanobiosensors for clinically relevant analytes, to which nanoma-
terials have been incorporated, have shown significantly improved elec-
trochemical performance when utilizing electroanalytical methods such
as voltammetry and amperometry. Specifically, the incorporation of highly
conductive nanomaterials such as carbon nanotubes (CNTs) and metal
nanoparticles into electrochemical biosensors has led to increased signal-
to-noise (S/N) ratios and significantly lower limits of detection. These
properties are the result of significant changes in diffusion profiles and
mass transfer of redox-active species at electrodes with small dimensions.
The transition from mass transport by primarily linear diffusion at larger
electrodes to the domination of radial diffusion at micro- and nanoelec-
trodes will be described in this chapter. Another reason for the amplified
sensitivity in biosensor devices is the high loading of the biological protein
components (i.e., enzymes or antibodies) on the large, often three-dimen-
sional surface areas of nanomaterials. A number of key nanoscale biosen-
sor applications which utilize biocatalytic and bioaffinity sensors will be
described in detail. The main concerns with the use of nanotechnology in
the fabrication of the clinical devices include the biocompatibility and tox-
icity of some nanomaterials which is currently an area of research. These
concerns are important because many nanomaterial-based electrodes are
being considered for implantable devices to be used for real-time diagno-
sis, management and monitoring of certain disease states. For instance,
cancer diagnosis and management are one of the most common applica-
tions for affinity biosensors, while glucose monitoring remains the largest
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and most profitable catalytic biosensor application. In addition, biosensor
applications also exist for cardiovascular, infectious, autoimmune, psychi-
atric, and neurogenerative diseases. However, there remain challenges in
the fabrication of protein-based nanobiosensors for clinical applications
such as the low concentrations of analyte molecules in relatively complex
biological sample matrix (e.g., blood), the requirement of ultralow detec-
tion limits (DLs) (nM and below) for certain analytes, the biocompatibil-
ity and safety of the nanobiosensors, a need for multiplexing capabilities,
practical detection times, sample size requirements, selectivity of in vivo
biosensors in the presence of multiple similar molecules as well as various
interfering species, ease of use, the ability to scale up developed prototypes
into mass production, and the storage stability of the biological compo-
nents of nanobiosensors such as enzymes and antibodies. Some of these
challenges will also be discussed.

Many well-established methods used in clinical analysis are based on
spectrophotometric detection which often requires bulky light sources,
monochromators, sample cells with fixed path lengths, and complex
detectors to obtain adequate sensitivity. These methods usually require a
fair amount of the sample and cannot be performed in colored, turbid,
or complex sample matrices (such as blood) without sample preparation.
Therefore, these methods are not amenable to in vivo studies of biological
systems. Electrochemical detection methods, which are based on interfa-
cial phenomenon, are better suited for detection in ultralow volumes (with
samples from microliters to as low as nanoliters) because the sensitivity
of these methods is independent of the sample volume [1]. The analyte
molecules usually investigated in electroanalytical experiments are either
freely diffusing in aqueous solution or have adsorbed or been attached to
an electrode surface or a membrane. The main focus in this chapter will be
on freely diffusing redox-active species in aqueous solution environments.

Oxidation and reduction reactions consist of a series of fast chemical
and physical steps that take place at very small length scales. First, the ana-
lyte molecules are transported from the bulk sample solution to the elec-
trode surface through a depletion layer (a 0.01-100 pum thick interfacial
zone) where the composition of the solution has been affected by an elec-
trochemical reaction. Then, transfer of an electron between the electrode
surface and a redox-active analyte occurs over a distance of 2 nm or less in
an interfacial region which contains adsorbed ions and solvent molecules.

Since the electrochemical oxidation or reduction of the analyte species
occurs at the interface of the electrode(s) and the transducer(s), the ana-
lyte molecules must be transported from the solution to the electrode sur-
face in order to be detected. This movement between an electrochemical
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detection cell and the electrode surface is called mass transport. There
are three modes of mass transport that are of significance in electroana-
lytical techniques. These are migration, hydrodynamic mass transport,
and diffusion. Migration is the movement of charges particles due to their
interaction with an electric field such as that which occurs in the vicin-
ity of electrodes. For example, anions are attracted by a positively charged
electrode and repelled by a negatively charged electrode. An inert, sup-
porting electrolyte, which decreases the field strength near an electrode,
can be added to most electroanalytical techniques in order to minimize
migration effects. Hydrodynamic mass transport, as implied by its name,
is caused by the movement of the sample solution due to rotating the elec-
trode, stirring the solution, or flowing the solution through the detection
cell. The solution itself continuously transports redox-active reactants to
the electrode surface and also carries away the electrogenerated product.
Diftusion, which is a key factor in virtually every type of electrochemi-
cal measurement, is the simplest and best understood process influenc-
ing electrochemistry. Certain mathematical relationships and differences
in diffusion profiles of electrodes with differing dimensions, shapes, and
configurations will be addressed in this chapter.

Miniaturized electrochemical probes can even be implanted in liv-
ing systems due to biocompatibility of the materials used as well as the
minimal damage caused by these devices to surrounding cells or tissues.
Furthermore, interference from sample components, such as ascorbic acid
or acetaminophen, can be eliminated by carefully choosing the detection
potential in methods such as amperometry. Additionally, most electroana-
lytical detection methods require little or no sample preparation prior to
analysis. Finally, high-sensitive nanosized electroanalytical methods have
become popular in clinical and biosensor applications because commonly
used biomarkers for diagnosing, managing, and monitoring diseases are in
the nanomolar range.

Nanoelectrodes have also allowed significant advancements to be made
in electroanalytical chemistry, for example, by making experiments in
the microsecond or even in the nanosecond scale possible under favor-
able conditions by minimizing problematic double-layer charging and
resistance effects, ultimately making reliable measurements of fast elec-
tron transfer reactions possible. Nanoelectrodes have also significantly
increased the spatial resolution of electrochemical experiments performed
with the scanning electrochemical microscope (SECM). Advances and
applications of micro- and nanoelectrodes in SECM will be described later
in the chapter.
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1.2 Microelectrodes

Wightman, Fleischmann, and co-workers are considered the pioneers
of microelectrode use in electroanalytical chemistry [2,3]. Although the
transition from macroelectrode-based detection to microelectrodes for
various electroanalytical applications such as sensing inside a living brain
to quantify the dynamic concentrations of neurotransmitters began in
the early 1980s [2-4], microelectrodes had been used by physiologists in
amperometry to measure oxygen concentrations in biological tissue as
early as the 1940s [5]. The main driving force for the transition to smaller
electrochemical probes was the need for portable, sensitive, in vivo sensing
devices capable of quantifying trace levels of analytes in very small sample
volumes and spaces [6]. Although advancements in materials science and
electrode fabrication methods have led to the production of electrochemi-
cal transducers with significantly smaller dimensions and a variety of geo-
metric shapes in the past decade, voltammetric electrodes with dimensions
capable of probing chemical events inside single biological cells or mem-
brane pores were already being produced in 1990 [7]. The multiple, well-
known advantages of microelectrodes over larger electrodes may largely be
attributed to reduced ohmic resistance and enhanced mass transport of the
redox-active species to the microelectrode surface due primarily to radial
diffusion in solution. This ultimately results in higher current densities and
improved S/N ratios. It was hypothesized that these positive effects due to
small dimensions that were observed in microelectrodes, microelectrode
arrays, and later in ultramicroelectrodes (an electrode having at least one
dimension <25 microns) would be further enhanced in nanosized elec-
trodes. Of note, nanosized electrodes are generally smaller than the dif-
fusion layer where electrochemical reactions occur between the electrode
and analyte [8]. In addition, microelectrodes have allowed electrochemical
studies of even single molecules in a variety of chemical media such as
nonaqueous solvents, ice, and air [8]. The electrochemistry, properties, and
advantages of microelectrodes over conventional macroelectrodes will be
described in the next section.

1.2.1 Electrochemistry and Advantages of Microelectrodes

Microelectrodes have several important advantages over macroelectrodes
(which have dimensions in the millimeter scale) and allow the develop-
ment of several approaches to investigating electrochemical phenomena
and monitoring living biological systems. Individual microelectrodes with



8 ADVANCED BIOELECTRONIC MATERIALS

various geometries, such as inlaid ring disks, bands, cylinders, cones, inlaid
disks, and hemispheres as well as arrays of closely spaced microelectrodes
have been constructed [6,8]. Microelectrodes with bands or ring geometries
may be prepared using lithography or foils and films. Disk- or cylinder-
shaped microelectrodes are prepared using gold and platinum microwires
as well as carbon fibers among others. Metal disk electrodes encapsulated
in glass have been very popular due to their ease of fabrication [8].

Most electroanalytical detection techniques measure current, poten-
tial, or impedance. These techniques can be divided into four main cat-
egories: voltammetry, amperometry, potentiometry, and coulometry.
Voltammetry and amperometry are popular electroanalytical detection
methods that are commonly performed using micro- and nanoelectrodes.
In amperometry, a constant potential (mV) is applied to the sample, while
changes in current Ai (A) are detected. In voltammetry, the potential is
varied over time, while changes in current Ai (A) are measured. In coulom-
etry, which measures charge (C), the amount of an electroactive analyte
can be quantified based on measurement of the total coulombs of elec-
tricity needed to completely oxidize or reduce the analyte. Potentiometry
does not involve an oxidation-reduction process and measures the cell
potential, E___ (V or mV) across a thin, selectively permeable mem-
brane. A more detailed description of various electroanalytical techniques
and their use in electrochemical immunosensors may be found in a recent
review paper [9].

Electrochemical detection cells (Figure 1.1) typically consist of two or
three electrodes. A two-electrode system consists of working and refer-
ence electrodes, whereas a three-electrode system consists of working, ref-
erence, and auxiliary electrodes. Three-electrode setups tend to be more
commonly used in voltammetry and amperometry. The working electrode
(a.k.a. indicator electrode) is usually made of a solid, conductive material
such as gold, platinum, or glassy carbon. In the three-electrode system, the
charge from electrolysis passes through the auxiliary electrode (a.k.a. the
counter electrode) instead of the reference electrode, thereby protecting
the reference electrode from changing its half-cell potential against which
electrochemical processes are measured over time. A reference electrode
is a known half-cell such as silver/silver chloride (Ag/AgCl) or saturated
calomel electrode (SCE) that is reversible, insensitive to the sample solu-
tion, obeys the Nernst equation, provides constant potential throughout
an analysis, and returns to its original potential after an analysis. Using
electrochemical detection, measurements may also be made in very small
sample volumes such as drops as opposed to more traditional sample cells
with milliliter volumes.
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«—___ Carbon fiber
microelectrode
Ag/AgCl wire reference / /
electrode
\ Pt wire auxiliary
/ electrode

40 microliter drop .
with beads Hydrophobic surface:
Parafilm® coated glass

Rare earth magnet

Figure 1.1 A simple electrochemical detection cell consisting of three electrodes that can
be used in bead-based sandwich immunoassay detection step. The working electrode, a
carbon fiber microelectrode, is lowered into the sample drop that beads on a hydrophobic
surface along with Ag/AgCl wire reference electrode and a Pt wire auxiliary electrode. A
rare earth magnet is used to gather the gold nanoparticles that contain all the biological
components of the immunoassay (antibodies, antigens, and enzyme labels).

0
@7)\ o
Fe
Figure 1.2 Structure of FCA, a common model species used in bioelectrochemistry.

Three bioelectrochemical redox species of significance in biosensors
and assays that are commonly used in studying the performance of newly
prepared electrodes and new electroanalytical detection methods include
hydrogen peroxide (H,O,), 4-aminophenol (PAP), and ferrocene carbox-
ylicacid (FCA, C, H, FeO,).

Ferrocene molecules are metallocenes that have a sandwich structure
with a redox-active iron (III) ion at their center (the structure of FCA
is shown in Figure 1.2). FCA (Fe’* at the center) undergoes a reversible
single-electron oxidation to ferricene (Fe**). In an electrochemical cell,
the forward (oxidation) reaction is favored at potentials positive of the E
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resulting in a positive current. The reverse (reduction) reaction is favored
at potentials negative of the E_ for the redox couple giving a negative cur-
rent. When a redox reaction is 100% reversible, the oxidation and reduc-
tion peak currents are equal. Since the electrochemistry of these species is
well known, it is possible to characterize and compare the performance of
electroanalytical probes with different sizes, arrangements, and geometries.

Enzyme-coupled electrochemical biosensors, also known as enzyme elec-
trodes, are commercially the most successful biosensors and function based
on the detection of hydrogen peroxide. These clinically significant biosensors
are based on the detection of an electric signal produced by an electroactive
species, either produced or depleted by an enzymatic reaction. The relatively
simple layout consists of a biorecognition layer of enzymes attached to a
working electrode, a transducer [10]. The enzyme has high biological affin-
ity for a specific substrate molecule which provides the selectivity for the
biosensor [11]. The activity of the immobilized enzyme depends on solution
parameters and electrode design. The product of the enzymatic reaction is
typically electroactive and can be directly monitored using amperometry,
in which the produced current is measured in response to an applied volt-
age. Enzyme electrodes are routinely used in biomedical applications such as
glucose monitoring and as stated earlier are commercially available [10,12].
The use of enzyme electrodes as biosensors will continue to increase because
they are simple and inexpensive to construct, they provide rapid analysis,
they can easily regenerate, and they are reusable. However, enzymes are
relatively short-lived biorecognition molecules because they gradually loose
activity, which also determines the lifespan of the biosensor.

Electrodes coated with glucose oxidase (GOx, also commonly abbrevi-
ated as GOD) have been widely used in the detection of glucose due to the
pioneering work of Clark and Lyons [13]. GOx is highly specific for p-D-
glucose [14,15], which can be detected via the following reactions:

B-D-glucose + GOx-FAD — GOx-FADH, + 8-D-gluconolactone

(1.1)
GOx-FADH, + O, — GOx-FAD + H,0, (1.2)

The two-electron transfer during the oxidation of H,O, generated in
Equation 1.2, results in the current response of the enzyme electrode [16].
GOx exists as a dimeric protein with a molecular weight of 160,000 Da [14].
A single molecule of flavin adenine dinucleotide (FAD) is tightly bound to
each monomer of GOx [15]. GOx, obtained from the fungus Aspergillus
niger, is an ideal enzyme for glucose biosensors due to its high specificity,
high stability, high turnover, resistance to proteolysis, and low cost [17].



MicRrRO- AND NANOELECTRODES IN PROTEIN 11

The reversible, two-electron oxidation reaction of another well-charac-
terized redox couple, PAP to 4-quinone imine (PQI) shown in Equation
1.3, and reduction back to PAP can easily be detected using an electroana-
lytical method called cyclic voltammetry (CV). PAP electrochemistry will
be used as an example throughout this chapter.

H,N OOH HN:©:0+2e-+2H+ (1.3)

PAP PQI

A CV setup typically includes a potentiostat and a three-electrode cell.
In CV, the potential is linearly swept (i.e., voltage is varied) between two
fixed values E and E, (Figure 1.3) at a fixed rate known as the scan rate (v).
The rate of change of potential with time at a given the scan rate (v), has
units of mV/s. When the voltage reaches E, (the switching potential) at
time T , the scan is reversed and the voltage is swept back to E, (the final
potential) producing a triangular shape on a voltage versus time plot for
one full cycle in CV. The first potential sweep typically results in oxidation
of the redox-active analyte species with a loss of one or two electrodes fol-
lowed by reduction back to its original state.

The potential applied, E, controls the concentration of the two redox
forms of the analyte in accordance with the Nernst equation (Equation 1.4).

E = B%+ (RT/nF) In[Ox]/[Red] (1.4)

in which E' is the standard cell potential, R is the universal gas constant,
T is the absolute temperature, F is the Faraday constant, # is the electron

Voltage

el-------A--------

P Time

El [-=———mmmmmmmemm 2

Figure 1.3 Voltage versus time plot for one cycle in CV measurements, where T, is
the switching time, E is the initial and final applied potential, and E, is the switching
potential.
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stoichiometry, Ox is the concentration of the oxidized species, and Red is
the concentration of the reduced species.

In addition to quantification of redox-active analytes, CV is commonly
used to characterize newly prepared electrochemical probes. The shape
of voltammetric wave observed in cyclic voltammograms obtained using
microsized electrodes differs significantly from those obtained with con-
ventional macroelectrodes which have diameters in the millimeter range.
A sigmoidal CV response that retraces on the return sweep is characteristic
of microelectrodes [18,19], whereas conventional macroelectrodes give a
“duck’-shaped response with separate well-defined oxidation and reduc-
tion peaks [20,21]. A “duck”-shaped voltammogram recorded for a revers-
ible two-electron transfer reaction upon oxidation of PAP to PQI is shown
in Figure 1.4. Oxidation reaction of PAP to PQI is favored at potentials
positive of the E° for the redox couple (i.e., the lower wave or lower part of
the “duck”). The sweep toward more positive potentials produces a current
response where the current begins to flow and eventually reaches a peak
before dropping. When the scan is reversed, we move back through the
equilibrium positions toward more negative potentials gradually convert-
ing the electrolysis product back to reactant. The current now flows from
the solution species back to the electrode in the opposite direction to the
initial sweep forming the head of the “duck”

There are noticeable differences in voltammogram shapes which depend
on the working electrode dimensions and are the result of different mass

+60 1 1 1 1 1 1

+30 n

Current, A
1
T

'90 T T T T T T
+04  +03 +0.2 +0.1 0 -0.1 -02  -03

Potential, V

Figure 1.4 A cyclic voltammogram of 4 uM PAP in 10uM MgCl, 0.1 M PBS buffer done
at scan rate of 50 mV/s with a platinum macroelectrode (d=1.6 mm) against Ag wire
quasi-reference electrode.
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transport rates within the diffusion layer (i.e., the solution region in the
vicinity of the working electrode surface) where the redox reaction takes
place [18-21]. Mass transport at microelectrodes is hemispherical and
three dimensional due to radial diffusion fields. Ultimately, this leads to
much greater flux under diffusion-controlled detection conditions such
as those found in unstirred samples. In comparison in macroelectrodes,
most mass transport occurs perpendicular to the electrode surface as pla-
nar diffusion (also known as linear diffusion). Radial diffusion is known to
significantly enhance the mass transport to/from the microelectrode sur-
face [18,22]. However, it should be noted that different diffusion equations
are used to describe diffusion as the primary mode of mass transport in
microelectrode experiments with differing electrode geometries [6]. The
difference in the diffusion layer profiles between cylindrical micro- and
macroelectrodes is shown in Figure 1.5 [23]. These commercially available
electrodes are primarily used to determine the concentrations of electroac-
tive analyte species via use of standard calibration methods. The insulating
material surrounding the electrodes (typically glass or plastic) makes them
less delicate, easier to handle and set up, but at the same time may limit
their use in small spaces.

The smaller area and proportionately lower capacitance of microelec-
trodes also allow their use at shorter time scales than conventional voltam-
metric electrodes [6]. Of note, radial diffusion is favored when using slow
scan rates, whereas planar diffusion is dominant with fast scan rates as is
utilized in high-speed CV [18,22,24]. In addition, the current density at

Fiber/wire

ZIMNIN

Radial diffusion Planar diffusion

Figure 1.5 Diffusion layer profiles within a sample as indicated by arrows for three-
dimensional radial diffusion at a commercially sold disk-shaped microelectrode (left) and
for planar diffusion (a.k.a. linear diffusion) at a macroelectrode surface (right).
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a microelectrode with radial diffusion is much higher than that at a mac-
roelectrode with planar diffusion giving rise to many of the advantages
of microelectrodes. Furthermore, the higher current density at the micro-
electrode results in a significantly smaller background/charging current
(6,18]. This reduction is significant because the charging current may
mask the desired faradaic current in certain electroanalytical detection
methods, such as pulsed voltammetric methods. Also, the charging cur-
rent decreases in proportion to the surface area of the electrode, whereas
the faradaic current decreases in proportion to the radius under steady-
state conditions [6]. This means that the ratio of the faradaic current to the
charging current is improved as the electrode size decreases which results
in enhanced S/N ratios during the detection step. Scan rates also affect the
diftusion profile at the electrode.

The CV of a common bioelectrochemical redox species, PAP with a
slight hysteresis (i.e., a gap in the sigmoidal forward versus reverse seg-
ments of the voltammogram) is shown in Figure 1.6. This may be an indi-
cation that there is a poor seal between the insulator and metal wire of the
microelectrode. A similar separation between the segments is sometimes
seen when the scan rate in CV is too fast [8]. The CV below was obtained
using an 11 pm diameter (d) disk-shaped carbon fiber microelectrode ver-
sus an Ag wire quasi-reference electrode to detect deoxygenated 4 uM PAP
in 800 uL sample including 10 uM MgCl, and 1 uM Tris buffer at a slow
scan rate of 50 mV/s.

Current, nA

T T T T
400 300 200 100 0 -100

Potential, mV

Figure 1.6 Cyclic voltammogram of deoxygenated 4 uM PAP in 10 uM MgCl, 1 uM tris
buffer using a disk-shaped (d=11 um) carbon fiber microelectrode versus Ag wire quasi-
reference electrode at a slow scan rate of 50 mV/s.
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Given the continuous emphasis in literature on decreasing individ-
ual electrode sizes to molecular-level scales, it is easy to forget that the
electrode geometry and that of its insulating surroundings are just as
important to consider because they significantly impact mass transport
of redox-active species to the electrode surface. A perfect hemisphere sur-
rounded by a flat shroud at the level of the hemisphere’s rim is perhaps
the ideal shape of micro- and nanoelectrodes because there is a uniform
flux of mass transport of redox-active reactants to the electrode surface
as well as a uniform current density across the electrode/electrolyte inter-
face [25]. A cross section of an individual hemispherical nanoelectrode is
shown in Figure 1.7.

As stated earlier, the current at a microelectrode/electrolyte interface
depends on its geometry. The limiting plateau current, i, (in A), from
steady-state voltammetry (SSV) such as is obtained via CV for a disk-
shaped microelectrode, is given by Equation 1.5 [4].

i, =4nFrDC’ (1.5)
in which F is the Faraday constant, r is the electrode disk radius (in cm), D
is the diffusion coefficient (in cm?/s), # is the number of electrons, and C*

is the bulk concentration of the electroactive species [4].

%

Figure 1.7 Cross section of an individual hemispherical micro- or nanoelectrode with
rapid radial mass transport of redox-active analyte from sample solution.
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In comparison, the limiting plateau current, i, (in A), from SSV for a
hemisphere-shaped microelectrode, is given by Equation 1.6:

i, =2nnFr DC (1.6)
in which F is the Faraday constant, 7 is the radius of the hemisphere, D is
the diffusion coefficient (in cm?/s), n is the electron stoichiometry, and C
is the bulk concentration of the electroactive species [4].

Steady-state response is obtained quickly with hemispherical microelec-
trodes as diffusion lines converge on the electrode surface from all direc-
tions. Therefore, the volume of the sample solution providing redox-active
species to the electrode is very large in comparison to the exposed elec-
trode surface area.

However, with planar or linear diffusion dominating at macroelectrodes,
the current is proportional to electrode area, but is independent of their
geometry. The Randles-Sevcik equation (Equation 1.7) describes the peak
current, i_(in A), for a reversible redox process at a macroelectrode [26].
A is the electrode area (in cm?), and v corresponds with scan rate (in V/s).

i =(2.69 x 10°)n*?AD"*Cy"” (1.7)
In addition to the geometry and the size of a working electrode, the
material used to fabricate the electrode also affects its performance. Cyclic
voltammograms obtained using conventional gold (Au), glassy carbon
(GC), and platinum (Pt) macroelectrodes are shown in Figure 1.8. All of
the macroelectrode materials noted earlier exhibit well-defined oxidation
waves; therefore, any of the electrodes would be suitable for quantification
of PAP. However, the gold electrode exhibits the most reversible electron
transfer and the highest current response as determined by the shape of
the voltammogram. In addition, the voltage separation (potential differ-
ence) between the anodic and cathodic peak currents is smaller in the CV
obtained using an Au electrode. Also, the ratio of the anodic to cathodic
peak currents is closer to the ideal of one with an Au electrode.

1.2.2 Applications, Cleaning, and Performance of
Microelectrodes

In addition to monitoring biological systems such as cells or pores, micro-
electrodes have proven to be invaluable detection probes for quantification
of low-concentration analytes in other applications involving small sample
volumes [6]. For example, microelectrode detection has been used exten-
sively in small-volume liquid chromatographic separation to increase peak
resolution in columns with internal diameters in micrometers [27,28], in
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Figure 1.8 Cyclic voltammogram of the oxidation of 4 uM PAP to PQI followed by its
reduction back to PAP. Gold (Au), glassy carbon (GC), and platinum (Pt) electrodes
(3 mm diameter) were used as the working electrodes.

scanning electrochemical microscopy (SECM) [29-31], in detection of
bead-based immunoassays [32,33], in resistive solvents [34], and in micro-
fluidic devices with flowing solution [35,36].

SECM is the electrochemical equivalent of scanning tunneling micros-
copy, since in both techniques a very small probe tip is scanned over the
surface undergoing imaging. In scanning probe techniques like SECM, the
small electrode tip must be brought in close proximity to the cell or mate-
rial undergoing a chemical change in order to examine the surface chemis-
try with very high resolution and then slowly scanned across a small area.
This is possible when the electrode probe has a radius <10 um [8]. Current
generated by electrolysis of solution species at the electrode tip on the
surface of interest is plotted as a function of position to give dimensional
redox information. SECM can be used for imaging electrochemical or bio-
chemical activity on surfaces with resolution in nm range. SECM has been
used to investigate Ab immobilization and nonspecific binding (NSB) in
immunoassays and immunosensors [37-39]. In addition, SECM and other
related methods have great potential in miniaturized immunoassays [38].

SECM may also be used to characterize newly fabricated electrodes
along with scanning electron microscopy (SEM) and SSV. SEM is useful
for examining the seal between the metal or fiber and the insulating mate-
rial as well as estimating their radii. SSV can be used to estimate the radius
of the electrode in addition to demonstrating that the newly prepared
electrode response obeys the applicable microelectrode electrochemical
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theories. Well-characterized aqueous systems that are suitable for the
aforementioned studies in SSV include the oxidation of ferrocene metha-
nol, the oxidation of ferrocyanide, the reduction of ferricyanide, and the
reduction of ruthenium hexamine [8].

Since electrochemical detection methods are based on interfacial phe-
nomenon, careful cleaning of working electrode surfaces is essential to
obtaining reproducible signal responses. With macroelectrodes, physi-
cal polishing of the electrode surface is done using abrasive material such
as slurry of alumina particles or diamond paste. These polishing meth-
ods cannot be used with electrodes with a total structural diameter of < 1
um due to electrode tips being very fragile [8]. Therefore, other electrode
cleaning methods such as pulse techniques (e.g., pulsed amperometric
detection) have been used to activate, clean, and rejuvenate microelectrode
surfaces when replacing the entire electrode is not possible [8]. In pulsed
amperometric detection, first a large anodic pulse helps with desorption of
any bound species from the electrode surface followed by the formation of
a thin oxide layer. Later, a cathodic pulse results in the dissolution of the
oxide film and reactivation of the electrode surface. Finally, the potential
can then be switched to a detection potential for the redox-active analyte
of interest.

Although various nanoelectrodes have been prepared, studied, and
described in literature, sturdy and/or disposable microelectrodes with
well-defined geometries, reproducible electrochemical responses and
reproducible fabrication outcome are still used in many physiological and
electroanalytical detection applications. The next section will describe
more recently prepared nanoelectrodes and their use.

1.3 Nanoelectrodes

Nanoelectrodes also known as nanodes have been defined as electrodes
having a critical dimension, the dimension which controls the electro-
chemical response (i.e., the radius of a hemisphere- or disk-shaped elec-
trode or the width for a band electrode), in the nanometer scale (<100
nm). Nanoelectrodes have been of great interest in bioelectrochemistry
for over two decades. Preparation, characterization, and applications of
a wide variety of nanoparticles and nanoelectrodes have resulted from
synthetic advances and improvements in their fabrication methods. One
of the driving forces for nanoelectrode development has been the need
to prepare electrodes whose critical dimension is similar to molecular
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dimensions that are capable of single-molecule detection [40]. The size,
shape, and chemical composition of newly prepared nanomaterials must
be thoroughly determined prior to their use in biosensors and other appli-
cations because their electrochemical properties are highly sensitive to the
slightest variation in electrode geometry. For example, the steady-state
limiting current of a recessed nanoelectrode is smaller than that of a disk-
shaped nanoelectrode with the same size because of additional mass trans-
port resistance [41]. Once the nanoelectrodes are well-characterized and
relatively uniform, it is possible to probe how unique properties such as
electron transfer and spectroscopic responses depend on size, geometry,
composition, and surface characteristics.

Smaller electrodes are increasingly in demand as many aspects of mod-
ern chemistry and molecular science overall operate in the 1-1000 nano-
meter range. Also, their nanosized scale makes nanoelectrodes amendable
to implantation in living systems and in some cases allows real-time, long-
term in vivo monitoring of systems such as the animal brain [42].

Other benefits of nanoelectrodes based on their size are well under-
stood in theory and have been observed experimentally. These advantages
include enhanced mass transport, greater S/N ratios, increased sensitiv-
ity, and being more immune to hydrodynamic perturbations [40-45]. For
example, the very high rate of radial mass transport or diffusion of redox-
active species at nanoelectrode surfaces enables kinetic measurements
under steady-state conditions rather than under dynamic sample condi-
tions. These extremely small electrodes may also allow studying of faster
biochemical, electrochemical, and chemical reactions because the electron
transfer process is not limited by mass transport of reactants to the elec-
trode surface [40]. When performing electroanalytical measurements, it
has been noted that increased mass transport at the nanoelectrodes (which
ultimately results in shorter transducer response times) to freely diffusing
analyte species in the sample solution results in a shorter time needed to
achieve a maximum signal. For example, this is useful in amperometry
where a constant applied potential is used or in stripping voltammetry
experiments where shorter deposition times are desired. The electrode
response time varies as a function of the electrode size [42]. However,
methods for nanoelectrode fabrication, characterization of nanoelectrode
geometry as well as the electrochemical performance of nanoelectrodes
after they are fabricated are problems which must be overcome before
nanoelectrodes become widely used. Still, single nanoelectrodes as well as
collections of individual nanodes that are arranged in an organized array
or randomly dispersed throughout an inert matrix can be prepared. In
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addition to possessing an increased and easily detectable signal response,
large arrays containing multiple nanoelectrodes have the advantage of sig-
nal redundancy thereby increasing their statistical reliability.

Nanoelectrodes have been fabricated using several approaches.
Nanoband electrodes, the first type of nanoelectrode fabricated by White
et al. in the late 1980s, may be prepared using sputtered or evaporated
metal films [46,47]. The edge of these electrodes is in contact with the sam-
ple solution. In another method, thin wires are carefully etched chemically
or electrochemically to a cone shape prior to photoresisting or insulating
all but the tip of the cone with another material such as polyimide [48]
or Teflon [49]. Other nanoelectrode preparation methods include electro-
phoretic point deposition [50-53], the use of single- (SWCNTs) or mul-
tiwalled CNTs [54,55], glass encapsulation [56-58], micropipette pulling
[59], and others. Nanoelectrode arrays (NEA) or nanoelectrode ensembles
(NEE) may be prepared by deposition of metallic layers through nano-
porous polymeric membranes. In vivo voltammetry and electrochemical
imaging applications require disk or hemisphere-shaped nanoelectrodes.
The preparation of hemispherical nanoelectrodes, such as the one depicted
in Figure 1.7, with 21 nm radii via electrochemical etching of Pt or Ptlr
alloy microwires followed by insulating all but the tip of the tapered cone
was first described by Penner et al. [57].

Nanosized materials have been used to modify or interact with the trans-
ducer surface that comes in contact with the sample in various enzyme-
based biosensors, genosensors, and immunosensors. The transducer is
ultimately responsible for measuring and transmitting the signal generated
in the presence of the analyte of interest. Commonly used nanomaterials
include graphene, nanowires, CNTs, magnetic nanoparticles, and quan-
tum dots (QDs). Nanomaterials can be classified as biological, inorganic,
or organic. Biological nanomaterials that are responsible for recognizing
and interacting with the analyte in a biosensor include macromolecules
such as antibodies and DNA as well as artificial, synthetic molecular rec-
ognition elements called aptamers. A common role of organic and inor-
ganic nanomaterials, such as nanoparticles or nanowires, in biosensors is
to amplify the analyte binding event by using some measurable change in
a property such as the electrical conductivity of a nanowire. Furthermore,
the use of nanomaterials has helped increase charge and electron transfer
in electrochemical biosensors. In addition, nanomaterial-modified sens-
ing surfaces have improved electrochemical properties as a result of low
background current and higher S/N ratios. These and other advantageous
properties of nanomaterial-based electrodes will be described in the next
section.
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1.3.1 Electrochemistry and Advantages of Nanoelectrodes

Nanowires are nanosized structures with diameters in 10 m scale and
no restriction in length. Nanowires as long as 1 mm have been synthe-
sized, but a typical length is about 1 pm. Due to their length being sev-
eral orders of magnitude greater than their width, these nanostructures
are often viewed as being one dimensional (1-D). The small sizes and 1-D
structures of nanowires result in unique physical properties when com-
pared to conventional three-dimensional wires. Nanowire conductance
can be carefully controlled by preparing the wire from different substrates.
Nanowires have been synthesized from metals (such as Au, Ni, Cu, and
Pt), metal oxides (such as ZnO, SnO,, and Fe,0,), silicon/indium/gallium
semiconductors, and silicon/titanium oxide insulators. As one may expect,
metallic nanowires are the most conductive.

Advances in fabrication methods for nanoelectrode preparation, syn-
thesis of nanomaterials, and related nanotechnology as well as in analyti-
cal instrumentation have resulted in rapid expansion of this field. When
nanoelectrodes and nanoelectrodes arrays were first produced in the late
1980s, imaging methods such as SEM were not capable of visualizing these
nanostructures. As a result, researchers measured the dimensions of nano-
electrodes surfaces based on their electrochemical responses [40]. Since
individual nanoscale electrodes produced very small currents, orderly NEA
and NEE with signal amplification capabilities, became commonplace.
When each nanoelectrode is sufficiently far away from neighboring nano-
electrodes, each electrode in the nanoelectrode collective has its individual
diffusion regime with three-dimensional, radial diffusion dominating in
sample solution (Figure 1.9, top). When the spacing of the nanoelectrodes
is not sufficient, the electrodes in a higher-density NEE have overlap-
ping diffusion regimes with 1-D, planar diffusion being most dominant
(Figure 1.9, bottom) [40]. It is important to recall, however, that time scale
(i.e., scan rate in voltammetry) also affects the shape of the diffusion profile
and ultimately the shape of the voltammogram. For example, at slow scan
rates (longer times), the diffusion regimes of individual nanoelectrodes
overlap resulting in classic duck-shaped voltammograms. At intermediate
and fast scan rates (shorter times), radial diffusion to each nanoelectrodes
results in sigmoidal, steady-state voltammograms. Therefore, specific scan
rates and timescales where diffusion behavior changes from planar and to
radial and vice versa depend on the size of the nanostructures in the NEE
and the average spacing of the electrodes.

Another important consideration in the electrochemistry of NEAs
and NEEs is the background or charging current (similar to what was
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Figure 1.9 Diffusion layer profiles at nanoelectrodes array with individual diffusion
regimes (top) and at nanoelectrodes ensemble with overlapping diffusion regimes
(bottom) resulting in primarily 1-D, planar diffusion.

previously described in microelectrode detection). The observed charging
current, which is proportional to the total geometric area of the individual
electrode elements, should be as low as possible relative to Faradaic cur-
rent in order to obtain high S/N ratio. When the nanoelectrodes are closely
spaced and the diffusion regimes of neighboring electrodes in a NEA or
a NEE overlap, the Faradaic current will be proportional to the total sur-
face area (including both active nanoelectrode surfaces and interelectrode
insulation) and results in an enhanced signal. In turn, this should result in
lower DLs and allow the quantification of trace level analytes. For exam-
ple, Martin et al. described DLs of 1.6 nM for CV of redox-active species
using 10 nm diameter gold disk NEEs as opposed to DL of 1.6 uM (three
orders of magnitude worse) for conventional working electrode with a
mm-sized disk [60]. This was attributed to lower charging currents relative
to Faradaic currents at the Au NEEs. Other notable improvements in S/N
ratio, sensitivity, and other performance-related characteristics of merit in
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a broad range of applications for NEAs and NEEs as well as individual
nanoelectrodes, will be discussed in the next section.

1.3.2 Applications and Performance of Nanoelectrodes

In vivo detection of neurotransmitter release and determining the real-time
concentrations of dopamine and serotonin in living systems by implantable
nanoelectrodes has implications in the study of various neurological and
neurodegenerative diseases such as Parkinson disease, epilepsy, schizo-
phrenia, and obsessive-compulsive disorder [61-65]. Differential pulse
voltammetry using carbon nanofiber nanoelectrodes that have been inte-
grated into the Wireless Instantaneous Neurotransmitter Concentration
Sensing System (WINCS) is a suitable method for real-time monitoring of
neurotransmitter release in vivo. Zhang et al. demonstrated that such a sys-
tem can be biocompatible as well as highly selective and sensitive for quan-
tification of dopamine down to 50 nM and serotonin to 100 nM [42]. These
nanoelectrodes have significantly higher S/N ratio and ultimately superior
sensitivity when compared to macroelectrodes. Carbon nanofiber-based
nanoelectrodes could be used to simultaneously detect and resolve these
individual neurotransmitters in a complex sample mixture containing
interfering agents such as ascorbic acid [42]. Adsorption kinetics studies
and isopropyl alcohol treatments were done to investigate the properties
on carbon nanofiber electrodes using fast-scan CV with WINCS as com-
pared with results obtained previously using well-characterized carbon
fiber microelectrodes [42]. It was found that carbon nanofiber electrodes
had faster response times resulting in faster detection when compared to
carbon fiber microelectrodes.

Claussen et al. prepared two nanomaterial-based biosensors for gluta-
mate incorporating SWCNTs modified with either Pt nanospheres or Pd
nanocubes and evaluated their performance in a side-by-side comparative
study using amperometry and CV [66]. The authors first grew low-density
arrays of SWCNTs on the biosensor surface followed by electrodeposition
of Pd nanocubes (d=150 nm) and Pt nanospheres (d=150 nm) along indi-
vidual SWCNTs with an average spacing of 366 nm. Then equal aliquots
of glutamate oxidase enzyme were drop-coated on the modified surface
and immobilized by cross-linking with glutaraldehyde. Of note, glutamate
is an important excitatory neurotransmitter that is involved in locomo-
tion, learning, and synaptic plasticity. Real-time sensing of glutamate levels
is important in neurological research such as in diagnosing and treating
neurological diseases like Parkinson’s disease, Alzheimer’s disease, schizo-
phrenia, and epilepsy.
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Sultana et al. recently investigated the performance of a 50 nm thick,
relatively simple, nanoband electrode structure which formed an array of
nanoscale electrodes for bioelectrochemical applications [67]. The nano-
band electrode was used to detect three common bioelectrochemical redox
species: hydrogen peroxide (H,O,), FCA, and PAP with DLs of 2, 89, and
36 x 10 mol dm™?, respectively [67]. These results indicated an increase in
sensitivity of the nanoelectrode system compared to larger electrodes, with
DLs of about three orders of magnitude lower for each redox species. The
DL of H,0, was comparable to those previously obtained by using nanow-
ires and modified electrodes. Furthermore, the nanoband electrode was
capable of being used with short and fast modes of interrogation (e.g., fast-
scan cyclic voltammetric) with detection of up to 10 V s™' which yielded
higher measurement certainty, while being relatively insensitive to hydro-
dynamic perturbations [67].

As with microelectrodes, the use of nanoelectrodes has extended to
SECM techniques. Nanoscale electrodes in SECM have enabled greater
resolution of probed surfaces because the nanoelectrodes moving across
the surface being studied must be of comparable size to that surface.
Nanosized surface features on a membrane or a corroding surface, for
example, can be studied using a nanosized electrochemical probe [40,68-
71]. Takahashi et al. described voltage-switching mode scanning electro-
chemical microscopy (VSM-SECM), in which a single SECM tip electrode
consisting of pyrolytic carbon nanoelectrodes (radii=6.5-100 nm), were
used to simultaneously acquire high-quality topographical and electro-
chemical images of living cells [72]. The electrodes with the largest radii
reached a steady-state current in <20 ms, while the smaller electrodes were
even faster. Furthermore, the group-performed VSM-SECM to visualize
membrane proteins on A431 cells as well as to detect neurotransmitters
from PC12 cells. In addition to physiological and biology applications that
were demonstrated, VSM-SECM is likely to open new opportunities in
nanoscale chemical mapping at interfaces.

Bard and Fan achieved what had been the ultimate driving force of ultra-
micro- and nanoelectrode development in electroanalytical chemistry for
years by observing the electrochemical behavior of a single, isolated mol-
ecule in an SECM experiment [73]. Small, nm range SECM tips and other
nanoelectrodes are generally capable of measurements of very small cur-
rents, in the picoamp or smaller range. The authors isolated a small, dilute
solution segment by pushing a soft protruding wax shroud surrounding
an electrode tip against a flat electrode substrate, thereby forming a pocket
that acts as a collector-generator surrounded by an insulating film. The
experimental setup used by Bard and Fan is shown in Figure 1.10. The
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20 nm
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Figure 1.10 Single-molecule detection strategy with the SECM. Redox-active molecule A
is trapped between the tip and a flat conductive substrate surface.

Wax sheath

Conductive
substrate

detectable current was produced inside a SECM collector-generator from
the entrapment of a single molecule (A being reduced to B by accepting an
electron). The molecule in a positive-feedback process has repeated colli-
sions and electron transfers inside the pocket and thereby the current gets
amplified by repeated cycling between oxidation states of the analyte mol-
ecule back and forth between the 20 nm radius electrode tip and substrate
increasing the produced current to a readily detectable level. The redox
cycling of the molecule resulted in about 10 million-fold current amplifica-
tion and the estimated average single-molecule current of 1.6 pA [73]. The
authors utilized a water soluble ferrocene derivative as the model species
oxidized at the SECM tip to produce the ferrocenium form that is then
reduced at the indium tin oxide substrate back to ferrocene form.

Fan and Bard also later reported the current-potential curve at a smaller
2.8 nm radius electrode immersed in a solution containing micromolar
concentrations of [(trimethylammonio)methyl] ferrocene (Cp,FeTMA),
showing discrete steps (a coulomb staircase) representing single electron-
transfer events [74].

A large number of single molecule, single biomolecule such as enzyme
or hemoglobin, and single nanoparticles studies have also been done since
mid-1990s using spectroscopy [75-80] and with spectroelectrochemistry
[81,82]. Some progress has also been made toward single-enzyme mol-
ecule electrochemistry that has become a possibility using nanoelectrodes
which are capable of detecting at millisecond time scale using protein film
voltammetry [83,84]. Single-enzyme molecule studies are of great interest
in molecular biology and biochemistry as they allow observing whether
there are temporal variations in the enzyme activity; does the enzyme turn
on and off in the course of the biochemical reaction or if there are varia-
tions in enzyme activity that can be accounted for by its conformational
changes [84]. These kinds of effects may only be explored by single-enzyme
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molecule studies as they would be averaged out in an ensemble of enzymes
or even a small number of enzyme molecules.

1.4 Integration of the Electronic Transducer,
Electrode, and Biological Recognition
Components (such as Enzymes) in Nanoscale-
Sized Biosensors and Their Clinical Applications

Integration of an electronic transducer, electrode, and biological recogni-
tion components (e.g., enzymes) in biosensors is critical in order to develop
highly sensitive, nanoscale-sized biosensors suitable for clinical analysis.
Direct electrochemistry of redox enzymes using conventional electrodes
made of glassy carbon, platinum or gold is quite challenging because the
active sites and redox centers of these enzymes, are buried deep inside a
hydrophobic polypeptide chain which is electrically insulated, and there-
fore inaccessible to these types of electrode surfaces. Thus, even if electron
transfer between these enzymes and conventional electrodes takes place, it
is slow at best.

For many decades, enzyme electrodes relied heavily on synthetic medi-
ators (i.e., electron shuttle molecules) in their design in order to avoid
dependence on dissolved O, in the production of H,O, which was a major
limitation in first generat1on glucose sensors. In the case of GOx, direct
electron transfer is not possible without including an electron-transfer
mediator because its FAD redox center is buried inside a thick protein
layer, resulting in kinetically slow electron transfers [85]. The oxidized
form of an electron-transfer mediator typically regenerates the redox cen-
ter of the biorecognition enzyme (in the case of GOx, FAD) via simul-
taneous self-reduction. Later, the mediator reverts to its original reduced
form at the electrode surface, resulting in a detectable electric signal. Ideal
electron-transfer mediators react quickly with the reduced enzyme. In
addition, they are nontoxic, chemically stable in both reduced and oxi-
dized forms and possess low solubility in an aqueous sample environment.
Ideal electron-transfer mediators also have a low detection potential. The
electron-transfer mediator can be dissolved in an electrolyte solution to
facilitate its mass transport between the electrode surface and the enzyme
active site. In glucose biosensors, electron-transfer mediators such as
poly(vinylimidazole) and poly(vinylpyridine) are linked with osmium-
complex electron relays which are in close proximity to the redox center
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of the polymers and the FAD redox center of the enzymes. This arrange-
ment results in rapid biosensor response and high current output. Of note,
carefully chosen electron-transfer mediators may be readily regenerated at
lower applied voltages, eliminating the background signal from interfering
species. However, leaching of soluble, synthetic electron-transfer media-
tors from biosensors over time has been a problem with many enzyme-
based biosensors. Therefore, soluble electron-transfer mediators cannot be
used in biosensors designed for in vivo use.

Nanomaterials such as CNTs have been found to significantly promote
direct electrochemistry of enzymes. This has stimulated great interest in
redesigning enzyme-based biosensors with conductive nanomaterials to
replace the current electron-transfer mediators in use.

Furthermore, conjugating proteins onto CNTs has resulted in plethora
of new applications in biosensors, imaging and cellular delivery. Joshi et
al. demonstrated that CNTs may be used to mediate the selective deac-
tivation of proteins in situ by photochemical effects upon being exposed
to near-infrared irradiation by designing CNT-peptide conjugates which
selectively destroyed anthrax toxin [86]. Such nanotube-assisted protein
deactivation will likely find increased application in the selective destruc-
tion of other similar toxins or pathogens. It has also been suggested that
composites of CNTs and polymers may potentially act as hosts for specific
enzymes and ultimately help prevent fouling due to protein adsorption on
the surfaces of medical devices and in other applications [87]. Fouling, the
nonspecific adsorption of proteins on surfaces, is a major problem with
implantable biosensors as well as medical implants, such as cardiovascu-
lar stents. The resulting biofilms significantly reduce the performance of
implantable devices with eventual loss of activity or function upon the
complete encapsulation of these devices.

1.5 Conclusion

Many of the exceptional properties of microelectrodes, such as rapid mass
transport and radial diffusion, have been experimentally demonstrated
in nanoelectrodes where they are usually even more pronounced because
of their nanoscale sizes. Nanoelectrodes are also capable of monitoring
experiments in the microsecond or even in the nanosecond scale allowing
single-enzyme electrochemical studies and many other exciting applica-
tions. Although advances in materials science and nanofabrication tech-
niques have made the use of nanoelectrodes in bioanalytical and medical
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measurements possible and more common, several practical challenges
remain. These challenges, which limit the experimental realization of some
of the well-known theoretical benefits, include not being able to produce
robust electrochemical probes that are characterized by precise and repro-
ducible experimental performance. Furthermore, surface-fouling by non-
electroactive sample components found in the complex biological sample
matrices where nanoelectrodes and NEE are utilized, adversely affects
voltammetric responses at electrode surfaces.
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Abstract

In this topic, we focus on the label-free biosensing using resonators at microwave
frequencies. Specifically, we investigate a carbon nanotube (CNT) resonator and
split-ring resonator as the radio-frequency (RF) biosensor schemes. The feasibil-
ity of the sensing devices is demonstrated with the biomolecular binding systems,
biotin-streptavidin, deoxyribonucleic acid (DNA) hybridization, and so on.
From the experimental data, we analyze in detail the electrical properties with
the biomolecular binding via a RF circuit modeling. In addition, we introduce the
recently developed sensing platform that can be associated with a RF active sys-
tem. Finally, we suggest the prospect and direction for RF biosensor in the future.

Keywords: Radio-frequency, biosensor, carbon nanotube, resonator, active
circuits, sensing platform

2.1 Overview

This chapter covers label-free biosensing schemes and recent advances
in biomolecular detection methods based on radio-frequency (RF)
components and systems at microwave region. In particular, carbon
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nanotube-combined interdigital capacitors (IDCs) and asymmetric split-
ring resonator (ASRR) as the RF biosensing schemes are introduced. The
feasibility of the sensing devices is validated with the various biomolecu-
lar binding systems, such as biotin-streptavidin, deoxyribonucleic acid
(DNA) hybridization, and so on. In addition, the recent RF biosensing
platform that can be associated with an active system is also reviewed in
detail and evaluated. Finally, the prospect and direction for RF biosensor
in the future are discussed.

2.2 Introduction

In general, a biosensor is defined as an analytical device for the detection of
an analyte that combines a biological component with a physicochemical
detector [1]. It consists of a detecting, a transducing, and a signal condi-
tioning part (Figure 2.1).

In particular, RF biosensor means that specific RF components,
e.g., resonators [2-5], are used as a transducer for biomolecular
detection. Here, RF is a rate of oscillation roughly in the range of
around 3 kHz to 300 GHz, which corresponds to the frequency of
radio waves, and the alternating current (AC) which carries radio
signals. Then, binding or unbinding information can be recognized
by an observed signal through microwave equipment, such as vector
network analyzer (VNA), spectrum analyser, and so on.

During the past decade, the RF systems for biomedical applications have
received a lot of attention due to their suitability for non-invasive, non-
contact as well as non-destructive detection capabilities [6-8]. Various
RF biosensing schemes [9-11] have been introduced for sensing of the
antigen-antibody reaction as well as living cells. For examples, the bio-
sensing devices utilizing coplanar waveguide (CPW) [12, 13], IDCs [14
15], polymer-transmission line [16], and dielectric resonator (DR) [17]
have been studied for the detection of label-free biomolecular interactions.

Analyte Transducer
' o C I:l
vl o ., CD NVV\
Impurity —>O Electronic
signal
B'0|09'Ca| i Electronics

detection element  Bjolayer

Figure 2.1 Schematic of biosensor.
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In addition, the micro-electromechanical system (MEMS)-based RF bio-
sensors for living cell detection have been also studied [18, 19]. These
approaches reveal clear possibilities in RF biomolecular sensing, but they
still bear several disadvantages, such as need of expensive equipment,
complex measurement system, which is RF probe system associated with
VNA, and sophisticated micro-fabrication process. In recent years, the RF
biosensing platforms have been expansively investigated for the diverse
healthcare applications in conjunction with wireless communication
system including radio-frequency identification (RFID), wireless sensor
node, and so on. In this chapter, a few RF biosensing schemes, such as
carbon nanotube (CNT)-, resonator- as well as RF active system-based RF
biosensors, for biomolecular detection are introduced, and these principles
and performances are described.

2.3 Carbon Nanotube-Based RF Biosensor

2.3.1 Carbon Nanotube

CNTs have received considerable attention as chemical and biological
sensors because of their high sensitivity and real-time detection capabili-
ties [20-25] (Figure 2.2). In particular, the field-effect transistor (FET)
structures with CNT conducting channel have been studied extensively.
If biomolecules are bound onto the CNT surface, the threshold voltage
is shifted and the direct current (DC) electrical conductance of the CNT
transistors changes due to charge transfer between semiconducting CNTs
and biomolecules. So far, most measurements of for FET sensors have
been limited to DC electrical transport. However, since immobilization of

(@) (b) (0

Figure 2.2 Transmission electron microscope (TEM) images of different types of CNTs.
(a) Single-walled CNTs, (b) few-walled CNTs, and (c) multi-walled CNTs. Reproduced
with permission from Y. Hou, J. Tang, H. Zhang, C. Qian, Y. Feng, and J. Liu, ACS Nano,
2009, 3, 5, 1057. © 2009, ACS [26].
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biomolecules on the CNT surface leads to a change in the dielectric con-
stant (and capacitance) of the CNTs, RF electrical measurements, particu-
larly frequency-based measurements, can possibly be used for biosensing.

2.3.2 Fabrications of Interdigital Capacitors with Carbon
Nanotube

In case of the CNT bridging the upper gap of the metal pad, it was fab-
ricated by a patterned catalyst growth technique. First, cocatalyst islands
were patterned on a SiO,/Si substrate, and CNTs were grown by chemical
vapor deposition (CVD) using a mixture of methane and argon as a car-
bon source at 900 °C. Next, the metal pad was formed to cover the catalyst
islands. Finally, CNTs were grown in parallel with IDCs. Here, the Au pad
(~0.1 um thickness) as IDCs pattern and electrode was fabricated on heav-
ily doped Si substrate with a 500 nm thick grown SiO, layer via photoli-
thography and lift-off techniques (Figure 2.3a). Meanwhile, IDCs, which
is a kind of RF passive element that produces capacitance at high frequen-
cies, has long finger conductors to provide appropriate coupling effect
between the input and output ports (Figure 2.3b). Since the conductors
are mounted on a substrate, their height and dielectric constant affect the
capacitors’ performance. In addition, the thickness of the conductor and its
resistivity also affect the electrical characteristics. For a capacitor element,
its impedance behaves as would be expected from the specified capacitance

Figure 2.3 Photograph of the IDCs-based CNT biosensor. (a) Atomic force microscope
(AFM) image of a CNT in the 5 um upper gap and (b) multiple finger periodic pattern

in the IDCs (the gap between fingers and the width of finger are g=10 um and w=20 pm,
respectively). Reproduced with permission from H. J. Lee, H. S. Lee, H. H. Choi, K. H. Yoo
and J. G. Yook, IEEE Transactions on Nanotechnology, 2010, 9, 6, 682. © 2010, IEEE [27].
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at low frequencies. However, the capacitive and parasitic inductive imped-
ance cancel each other out leaving only a resistive component at high
frequencies. The critical frequency is so-called self-resonance frequency
(SRF). Above this frequency, inductive reactance becomes dominant, as
it becomes much larger than the capacitive and the resistive components.

In this work, IDCs have been designed at 10 GHz from the self-resonant
formula as following:

1

I, = ndiC 2.1)

where f is the resonant frequency, L is the parasitic inductance, and C is
the designed capacitance. As a result, the IDCs-based CNT device itself
can be regarded as a novel RF biosensor based on frequency change for
biomolecular sensing at desired frequency.

2.3.3 Functionalization of Carbon Nanotube

To validate the performance of a CNT as a RF biosensor, CNT surface
shown in Figure 2.4 has been immobilized by biomolecule as follows: first,
the CNT device is placed in 6 UM 1-pyrenbutanoic acid succinimidyl ester
(Aldrich) in dimethylformamide (DMF) for 1 hour under stirring and
then washed with clean DME, where 1-pyrenbutanoic acid succinimidyl
ester is used as a linking molecule. The device is then immersed in phos-
phate-buffered saline (PBS) (Aldrich) overnight to fix the biotin molecules

@ . (b)

Figure 2.4 AFM image before and after immobilization onto the CNT. (a) Before
immobilization and (b) after immobilization. Reproduced with permission from H. J.
Lee, H. S. Lee, K. H. Yoo and J. G. Yook, The Journal of Korean Institute of Electromagnetic
Engineering and Science, 2008, 19, 8, 1. © 2008, KIEES [28].
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to the CNT surface. Finally, the freshly biotinylated device is immersed in
100 mg/ml streptavidin in PBS solution for 6 hours at room temperature.
The streptavidin has been immobilized onto the CNT surface by strong
intermolecular attraction with biotin.

2.3.4 Measurement and Results

Each sample was measured with an RF probe tip (40A-GSG-200-P, GGB)
and a probe station system (PM5HE Karl Suss) associated with a VNA
(PNA, E8364A, Agilent). The power level is maintained at -17 dBm, and
the intermediate frequency (IF) is set to 2 kHz for the VNA, and full two-
port calibration has been executed with short-open-load-through calibra-
tion method using a calibration substrate (CS-5, GGB).

In this work, to validate performance of IDCs-based CNT RF biosensor,
four configurations, IDCs alone, IDCs with CNT, a biotinylated CNT, and
streptavidin-biotinylated CNT, have been considered and studied as fol-
lows: for the IDCs alone sample, the SRF is measured as about 10.02 GHz,
and when a CNT is placed in the gap between the extended electrodes, the
resonant frequency is shifted toward higher frequency of 11.02 GHz due
to occurrence of an electrical short circuit. Consequently, the capacitance
is very small. Thus, the resonance frequencies of the IDCs ( f. ¢ ) and the

IDCs with CNT (fCNT) are quite different and the difference ( Af Re f-CNT ) is
about 1 GHz. In case of the biotinylated CNT ( Af, ) and streptavidin-bio-
tinylated CNT ( Af;), the resonant frequency has been observed at 10.82
and 10.22 GHz, respectively. When biotin is immobilized onto CNT, the
frequency is shifted by Af,_yr =200 MHz and streptavidin-biotinylated
CNT, the frequency is further shifted by Af;_, =600 MHz (Figure 2.5).

From the obtained results, the frequency changes can be modeled as a
variation in the parasitic capacitance, inductance, and resistance over the
CNT due to the two different nanosized biomolecular binding systems,
which consist of a captured streptavidin layer over uniformly immobilized
biotinylated onto the CNT surface.

2.4 Resonator-Based RF Biosensor

2.4.1 Resonator

In general, a resonator is a device that oscillates with the greatest amplitude
at particular resonant frequencies. Therefore, it is employed to either gen-
erate waves of specific frequencies or to select specific frequencies from
a signal. The resonator is a vital element in RF system because it can have
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Figure 2.5 Frequency and phase response to the four configurations: IDCs (thin dot
line), IDCs with CNT (thick dot line), biotinylated CNT (dot-dot line), and streptavidin-
biotinylated CNT (thick solid line). (a) The change of self-resonant frequency of S11. (b)
The corresponding phases. Reproduced with permission from H. J. Lee, H. S. Lee, H. H.
Choi, K. H. Yoo, and J. G. Yook, IEEE Transactions on Nanotechnology, 2010, 9, 6, 682.
©2010, IEEE [27].

(a)

Figure 2.6 ASRR-based RF biosensor. (a) Schematic of the biosensor consisted of a
resonator and a microstrip transmission line, signal line (~35 pm)/dielectric layer (0.76
mm)/ground plane (~35 um), with a locally high-impedance line, (b) distribution of
electric and magnetic fields with quasi-transverse electromagnetic mode (TEM), and

(¢) distribution of surface current of the resonator. Reproduced with permission from H.
J. Lee, J. H. Lee, S. J. Choi, I. S. Jang, J. S. Choi, and H. 1. Jung, Applied Physics Letters, 2013,
103, 5,053702. © 2013, AIP [29].

characteristics to pass (or stop) want (or unwanted) signals in a frequency
band. Also, the material properties can be characterized by using a high-Q
resonator at microwave frequencies. With these characteristics, various reso-
nators have been widely used as a transducer of RF biosensor. In this work, an
ASRR has been received which is used for RF biosensing scheme (Figure 2.6).
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In this device, an ASRR having a characteristic of high Q-factor as a bio-
sensing transducer has been designed and, in addition, a high-impedance
line (w=0.2 mm) with respect to 50 () matching line (w=0.72 mm) is partially
used to increase the surface current intensity. The ASRR, i.e., an inductor-
capacitor (LC) circuit, consisting of inductive and capacitive components,
is mainly excited by time-varying magnetic field component generated by
locally high-impedance line. The current mode induced by Faraday’s law can
occur a resonance at specific frequency due to the intrinsic ASRR structure.

2.4.2 Sample Preparation and Measurement

The sample for RF biosensor based on resonator was prepared as follows:
first, photoresist (PR) is spin coated onto the surface of the substrate, and
then the PR is exposed to UV through a mask. After development, the pat-
terned substrate is etched with a wet printed circuit board (PCB) etchant,
and finally, the remaining PR is removed using acetone/PR remover.
Specifically, in order to use as a biosensing device, the completed copper
pattern is coated with thin nickel (~3-5 um thicknesses) as adhesion layer
and finally, it is plated with gold (~0.03-0.07 um thickness). A masking
layer (~10-20 um thicknesses) made of solder mask of PCB is also used for
confinement of biomolecular binding to the surface of the target resona-
tor, excluding the rest of the part of the resonator that is the active sensing
circuit region and edge contact pads used for measurement.

2.4.3 Functionalization of Resonator

In order to functionalize the resonator, the bio-conjugation process has
been performed as illustrated in Figure 2.7. First, ASRR surfaces of all
samples are rinsed by pure PBS solution, and then they are immobilized
with cysteine (cys) 3-mediated protein G for detection alpha-amylase bio-
marker. After binding between anti-a-amylase and cys3-linked protein G,
bovine serum albumin (BSA) for blocking non-specific binding has been
also treated. Finally, the direct reaction between a-amylase antibody and
antigen was performed. All samples are rinsed three times with pure PBS
to remove all the unbounded biomolecules and then dried.

Figure 2.8 shows the frequency shift due to the configuration of
a-amylase concentrations, 100, 10, and 1 ng/ml. After immobilizing the
cys3-mediated protein G and then accommodating a-amylase antibody,
the binding surface is treated with BSA. With the BSA process, the reso-
nant frequency is changed by approximately 32.30 MHz compared with
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Cys3-linked protein G o-amylase-Ab

Figure 2.7 Bio-conjugation processes: (a) bare resonator, (b) cys3-linked protein G, (c)
a-amylase antibody (Ab), (d) BSA blocking, and (e) a-amylase antigen (Ag). Reproduced
with permission from H. J. Lee, J. H. Lee, S. J. Choi, I. S. Jang, J. S. Choi, and H. I. Jung,
Applied Physics Letters, 2013, 103, 5, 053702. ©2013, AIP [29].

the bare sample. Finally, in case of the a-amylase antigen with different
concentrations, i.e., 100, 10, and 1 ng/ml, the corresponding frequency
shifts are approximately 65.38, 50.00, and 37.03 MHz, respectively. Here,
the immobilized samples are measured by a test fixture system (Model
3680-20, Anritsu) associated with two-port VNA (E8364A, Agilent).

From the work, providing that the variation in the inductive and capaci-
tive components of ASRR with the immobilization process is small, the
frequency shift can be modeled with the LC-resonant formula. This phe-
nomenon can be expressed as follows:

1 f(ACAL

f:m~fo_2 C, Lo) Jo—4f (2.2)

1
where L=L +AL (LO>>AL), C=C,+AC (C0>>AC), fy =——, and
2m\ LG,

Af = fo (AC AL . Here fO o, and C, are the resonant frequency,
2 C, Lo

inductance, and capacitance of the bare resonator, respectively. Regarding
interaction of the biomolecule with the resonator, as biomolecule is bound
on the gold surface, the capacitive and inductive components of the res-
onator can be slightly changed and ultimately result in a resonance fre-
quency variation. In particular, the phenomenon of frequency shift can
be explained by an equivalent dielectric model of the biomolecular mono-
and bilayers, namely cys3-mediated protein G with a-amylase-Ab (&,
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and a-amylase-Ag (&, ), respectively, having different permittivity attrib-
uted to an increase in capacitance as well as in inductance of the resonator.
Based on the results, the frequency as detection parameters of our device
can be varied with biomolecular concentration as well as the binding and/
or unbinding state.

2.5 Active System-Based RF Biosensor

2.5.1 Principle and Configuration of System

Figure 2.9a shows the operating principle of an active RF biosensing plat-
form. The system consists of an oscillator, a surface acoustic wave (SAW)
filter, and a power detector. The biosensing mechanism of the system is as
follows: first, the oscillation frequency is changed by the impedance varia-
tion of the planar resonator due to the biomolecular immobilization. Here,
the immobilization has an effect on the surface characteristics of the reso-
nator, thus changing the resonator impedance components, such as resis-
tive (R), inductive (L), and capacitive (C). Moreover, the resonator plays
important roles in sensing as well as feedback component in the system.
Since the target biomolecules are much smaller in size compare to the RF
devices and almost weightless, the frequency deviation due to the immobi-
lization is extremely small. As a result, with conventional circuit topologies,
the detection capability was not sensitive enough for medical applications.
To overcome this difficulty, a SAW filter is used at the oscillator output to
increase the sensitivity of the system. Assuming that the impedance varia-
tion and resulting frequency deviation are in the locking range of the oscil-
lator, the output amplitude of the SAW filter can be maximized in the skirt
frequency region which is just outside of the pass band. As a result, even
though the frequency deviation is small, the small variation can be trans-
formed into a large voltage fluctuation and power detector is adapted at
the output of the SAW filter to transform the frequency deviation of the
oscillator to the variation of DC voltage. This signal can be easily digitized
for additional digital signal processing. With this approach, the oscillation
frequency deviation can be eventually used for biosensing. In particular,
Figure 2.9b shows in detail the schematic diagram of the 2.4 GHz ampli-
fier and cascade type resonator combined with an emitter follower-type
buffer amplifier [30-32]. Here, the buffer amplifier of the emitter follower
type is used to prevent a strong mutual interaction between the oscilla-
tor and the filter because the oscillation condition can be changed by the
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Figure 2.9 Schematic diagram of RF biosensing platform. (a) Schematic of the biosensing
platform, (b) layout of fabricated resonator and system, and (c) schematic of oscillator and
buffer amplifier. Reproduced with permission from S. G. Kim, H. J. Lee, J. H. Lee, H. I. Jung,
and J. G. Yook, Biosensors and Bioelectronics, 2013, 50, 0, 362. © 2013, Elsevier [33].

rapid impedance variation at the skirt frequency range of the SAW filter.
Figure 2.9c represents sample of active system with resonator, respectively.

2.5.2 Fabrication of RF Active System with Resonator
2.5.2.1 Functionalization of Resonator

In order to verify the feasibility of the biosensing device, the biotin-strep-
tavidin and DNA hybridization are used. Figure 2.10 shows conceptual
biological binding process for immobilization on gold surface. Here, thiols
(-SH)-linked biotin and single-stranded deoxyribonucleic acid (ssDNA)
is used because the thiols substrate can enhance the sensitivity as well as
selectivity, and can specify chemically modified gold surface; thus, it has
been widely used as a biological receptor of many gold-based biosensors
[34-36]. In this work, the biological process is as follows: in case of bio-
tin-streptavidin binding, first, all samples are simultaneously immobilized
with 25 pg/ml concentration of biotinylated thiols in deionized (DI) water
for about 1 hour. Next, to deactivate and block the excess reactive groups
remaining on the surface, the devices are treated with BSA of 25 pg/ml
concentration for about 1 hour. Finally, the biotin has been coupled with
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Figure 2.10 Bio-conjugation processes: (a) biotin-streptavidin: thiol-linked biotin

(first step), BSA blocking (second step), and streptavidin binding (third step). (b) DNA
hybridization: thiol-linked biotin (first step), BSA blocking (second step), and cDNA
binding (third step). Reproduced with permission from S. G. Kim, H. J. Lee, J. H. Lee, H. L.
Jung, and J. G. Yook, Biosensors and Bioelectronics, 2013, 50, 0, 362. © 2013, Elsevier [33].

different streptavidin concentration, i.e., 100, 10, and 1 ng/ml in DI water
about 1 hour. Similarly, the biological process of DNA hybridization has
been progressed with the same method as the biotin-streptavidin system.
All samples are immobilized with 25 pug/ml concentration of thiol-linked
ssDNA (5'-CTA gAA TTC TgC CAC TTT ATA CAT TCC-3") in PBS
water for about an hour. After treating with BSA, the ssDNA is coupled
with three different complementary deoxyribonucleic acid (cDNA) (5'-
ggA ATg TAT AAA gTg gCA gAA TTC TAg-3") concentrations, i.e., 100,
10, and 1 ng/ml in PBS for about 1 hour. Finally, after washing with pure DI
water or PBS, the samples are measured with the proposed measurement
system.

2.5.3 Measurement and Result

Before starting the biological process, the effect of frequency deviation
with DI solution on the resonator has been tested. Three samples are used,
and each sample is measured five times for oscillation frequency devia-
tion. After drying process, the measured samples show slight differences
compared to bare samples. However, it is found that the DI solution causes
minimal effect on oscillation frequency deviation. The other samples (15)
have been also prepared for biological process, and each sample is mea-
sured five times for the variations of oscillation frequency, SAW filter out-
put power, and the power detector output voltage for each biomolecule.
Figure 2.11a-c shows the measured results of the aforementioned sens-
ing parameters for thiols-linked biotin and streptavidin with different
concentration levels of streptavidin and cDNA. Each sensing parameter



48 ADVANCED BIOELECTRONIC MATERIALS

2.550 2536
N N
¥ 2545 %I CIP
= >
g 25540 3 $
g g 2532
g 2535 g
= &=
s S 2530
S
£ 2530 % 2 é
k] =
= b
a @ 2528
8 2525 8 %
2520 2526 .
(a) Thols-linked Streptavidin Streptavidin Streptavidin (d) Thols-linked cDNA cDNA cDNA
biotin  (~100ng/ml) (~10ng/ml)  (~1ng/ml) ssDNA  (~100ng/ml) (~10ng/ml) ~ (~1ng/ml)
(~25 pg/ml) (~25 ug/ml)
24 28
95 26 % & 2 ﬁ
= =
5 =
g 28 = £ 30
9 °
5 g
3 -3 3 %
3 5
° o
g -32 5 32 %
E =
2 z 33 ==
wv v
-36 -3
(b) Thols-linked Streptavidin Streptavidin Streptavidin (e Thols-linked cDNA cDNA cDNA
biotin (~100ng/ml) (~10ng/ml)  (~1ng/ml) ssDNA (~100ng/ml) (~10ng/ml)  (~1ng/ml)
(~25 pg/ml) (~25 pg/ml)
900 820
= s
E E
Y 850 % < 800
g g ==
= -
Tg Tg 780
+ 800 -
2 H =
£ T £ 70
g 750 T o
£ g ™0 $
1 9
o -
T 700 1 S 720 i
g - g
€ 650 & 700 :
(€) Thols-linked Streptavidin Streptavidin Streptavidin [t} Thols-linked cDNA cDNA <DNA
biotin (~100ng/ml) (~10ng/ml)  (~1ng/ml) ssDNA (~100ng/ml) (~10ng/ml)  (~1ng/ml)
(~25 pg/ml) (~25 pg/ml)

Figure 2.11 Frequency, amplitude, and voltage as the biomolecular immobilization. (a)
Oscillation frequency deviation, (b) output power, and (c) power detector of the biotin—
streptavidin binding system. (d) Oscillation frequency deviation, (e) output power, and (f)
power detector of the DNA hybridization system. Reproduced with permission from S. G.
Kim, H. J. Lee, J. H. Lee, H. I. Jung, and J. G. Yook, Biosensors and Bioelectronics, 2013, 50,
0, 362. © 2013, Elsevier [33].

of biotinylated thiols exhibits smaller variation compared to the strepta-
vidin with different concentration levels, i.e., 100, 10, and 1 ng/ml. This is
a reasonable result because biotin (~647 Da) (NanoScience, Inc.) is lower
weight mass than streptavidin (~55 kDa) (Jackson ImmunoResearch
Laboratories, Inc.). Meanwhile, Figure 2.11d-f also shows the measured
results of the sensing parameters for thiols-linked ssDNA and cDNA with
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different concentrations. Similarly, the thiols-linked ssDNA shows smaller
variation compare to the sensing parameters of cDNA with different con-
centration levels.

In this work, ssDNA (~8.1 kDa) and ¢cDNA (~8.4 kDa) (Bio Basic
Canada, Inc.) for DNA hybridization have been used. In particular, even
though the difference in weight mass between the ssDNA and cDNA is
not large, the biosensing system clearly shows the discrimination for the
DNA hybridization. From the obtained results, it is found that the sens-
ing parameters exhibit approximately linear shifts in logarithm scale with
three different streptavidin as well as cDNA concentration levels. Thus, it
is clearly demonstrated that our system associated with oscillator is able to
detect ng/ml concentration level (limit of detection ~1 ng/ml). The average
variations of each sensing parameter for four different configurations, i.e.,
biotinylated, biotin-streptavidin, ssDNA and cDNA, are summarized in
Table 2.1. According to Table 2.1, the biotinylated thiols and thiols-linked
ssDNA with the same concentration (~25 pg/ml) show similar variation
to three sensing parameters. This is due to the use of the same thiols sub-
strate for two antibodies. In case of target biomolecules, i.e., streptavidin
and cDNA, streptavidin shows the larger variation compared to the cDNA
because of weight mass difference between two biomolecules.

2.6 Conclusions

Recent advances in the developing area of biomolecular detection using
RF passive components as well as active systems have been summa-
rized. In particular, for the CNT-IDCs component-based biosensor, the
biomolecule-conjugated CNT is compatible for a biosensing configura-
tion; however, it is very difficult in terms of fabrication and reproduc-
ibility of samples. Moreover, to detect a specific analyte, functionalize on
CNT surface is necessary, and it is a time-consuming process, and high-
priced equipment are required. Fortunately, although the resonator-based
RF biosensor could reduce somewhat the above mentioned problems, it
should be still required for high-Q resonators with high-priced equip-
ment at microwave frequencies. In recent years, when the passive com-
ponent, e.g., resonator, was associated with RF system, it is demonstrated
that the sensitivity of the RF biosensor could be improved compared to
the only resonator-based RF biosensor. Actually, the biosensing platform
based on the RF active system having a low-Q resonator has been suc-
cessfully demonstrated by using biotin-streptavidin and DNA hybridiza-
tion binding systems. From the study, it is found that the sensitivity of RF
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biosensing platform can be sufficiently improved under developing a novel
active system as well as biosensing devices. According to the recent works
of RF biosensor, it is expected that the system level biosensing device with
various nanomaterials for enhancing performance can have been actively
developed. It is clear that to realize a robust RF biosensing platform for bio-
medical, industrial, environmental applications, it still leaves lots of room
for improvements, such as liquid sensing, real-time monitoring, extremely
low detectable limit up to pg/ml level, and so on.

Abbreviations

AC Alternating current

AFM Atomic force microscope

ASRR Asymmetric split-ring resonator
BSA Bovine serum albumin

cDNA complementary deoxyribonucleic acid
CNT Carbon nanotube

CPW Coplanar waveguide

CVD Chemical vapor deposition

DC Direct current

DI Deionized

DMF Dimethylformamide

DNA Deoxyribonucleic acid

DR Dielectric resonator

FET Field-effect transistor

IDCs Interdigital capacitors

IF Intermediate frequency

MEMS Micro-electromechanical system
PCB Printed circuit board

PBS Phosphate-buffered saline

PR Photoresist

RF Radio-frequency

RFID Radio-frequency identification
SAW Surface acoustic wave

ssDNA Single-stranded deoxyribonucleic acid
SRF Self-resonance frequency

TEM Transmission electron microscope

VNA Vector network analyzer
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Abstract

Molecular diagnostics is defined as the use of biological markers, spanning from
nucleic acids to proteins and small molecules, to test for specific states of health
or diseases, possibly their progression, as well as the assessing of the risk of their
development by a prognostic molecular profiling. Molecular diagnostics may
eventually aid to finalize the best therapy for a given individual patient, that is, the
ability to provide tailored therapies through the analysis of the patient’s molecular
specificity related to its disease. Biosensing represents at present an interesting tool
for applications to molecular diagnostics. In particular, in the past years, many
attempts have been devoted to apply different label-free transduction principles
such as conventional surface plasmon resonance (SPR) and SPR imaging (SPRi)
for the analysis of biomarkers in real matrices.

This chapter will deal with the main aspects to be considered in the develop-
ment of innovative ultrasensitive, and label-free biosensors for molecular diag-
nostics. In particular, the identification/selection of the suitable bioreceptors and
the signal sampling and management of the interaction between the biomarker
(analyte) and the bioreceptors are two key aspects to take into account. The proper
immobilization chemistry applied for biomolecules tethering on the sensing sur-
face is an additional point, especially in order to reduce possible matrix effects
in real samples and to allow the biosensor reuse. Finally, strategies for signal
enhancement aimed to improve system sensitivity will be also considered in this
chapter, and examples of some application to protein and DNA analysis in human
specimens will be also provided.
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Keywords: Affinity biosensors, surface plasmon sesonance (SPR), surface
plasmon resonance imaging, optical biosensors, molecular diagnostics, clinical
analysis

3.1 Introduction

In 1991, the Pharmacia Biosensors AB, a Swedish company from Pharmacia
AB, promoted the first surface plasmon resonance (SPR)-based com-
mercial instrumentation, appearing at the global research world as novel
exciting technology created by the efforts of many scientists (physicians,
engineers, computer technicians, chemists, and biologists) who worked at
the different aspects of the instrumental development as detection strat-
egies, immobilization strategies, data analysis for kinetics aspects, and
microfluidics and microsystems management.

Following SPR activity at their research laboratory in Uppsala, Sweden,
at early 1990s where just few publications were available, mainly from
the researchers developing the first Biacore instrument, it is particularly
impressive for us to realize how far this technique went and how many
applications to different fields have appeared during almost 25 years.

Since that beginning with few application examples in immunochem-
istry, a long trip started and many scientists joined the technology to test
new applications, mainly in drug discovery and biochemistry/molecular
biology. Up to now almost 80,000 publications are reported by ISI Web of
Knowledge [v5.13.1], and if we analyze more in detail the distribution of
the topics, the technology impacts most on chemistry, physics, biochemis-
try/molecular biology, engineering, and material science.

In parallel, new devices based on SPR were introduced on the market,
eventually portable and more recently coupled to imaging technology
[SPR imaging (SPRi)] allowing multi-analyte detection [1]. This allowed
one to afford the SPR technology also with relatively low budgets, eventu-
ally facilitating its diffusion to a wider public of potential users.

Looking with the eye of an analytical chemist, we can say that, among
papers dealing with SPR and SPRi-based sensing for the sensitive detec-
tion of pollutants in environmental, food, and pharmaceutical analysis,
molecular diagnostics is the most explored and fertile application area.
Molecular diagnostics exploits information inferred from biological mark-
ers, spanning from nucleic acids to proteins and small molecules, for dis-
eases revealing or monitoring, patients’ risk evaluation, and therapy choice
for specific diagnosed diseases [2].
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In this book chapter, we report and discuss the most recent advances in
SPR-based biosensing (SPR and SPRi) for molecular diagnostics applica-
tions, focusing on the key points mandatory to set up effective detection
strategies. Each issue includes a brief outline of the fundamental meth-
ods and approaches, to go deeper inside the most recent and challenging
research on the issue. In particular, the first part of the chapter is focused
on bioreceptors and their selection, including the most promising synthetic
bioreceptors such as aptamers and plastic antibodies. Among emerging
natural receptors, room is dedicated also to living cells, considered a very
promising research area applied to optical biosensors.

First of all, depending on the analytical problem to be solved, i.e., the
kind of analyte (small targets or macromolecules, proteins, or nucleic
acids) and the matrix to be analyzed should be defined and the relative
level of analyte concentration to design the best receptor (biological or
biomimetic) to be used and the most suitable strategy (direct, sandwich,
or competitive assay) for its detection. If necessary, a dedicated sample
pretreatment should be considered if matrix effects could be present or if
desired sensitivity difficult to be achieved.

Once identified the suitable bioreceptor for a purpose, the following
key step is its immobilization on the biochip, and new bioreceptors require
increasingly new strategy for their tethering on the substrate (typically a glass
prism coated with a gold/silver thin layer). New emerging immobilization
approaches for application to molecular diagnostics are reported, pointing
out specific requirements of different classes of bioreceptors. Once selected
the bioreceptor, it has to be properly immobilized on the surface, meaning
with this that it has to retain its ability to recognize the analyte and to bind it,
and at the same time, immobilization should prevent unspecific interaction
with the gold surface to avoid unspecific contribution to the SPR signal.

The quality of the biochip preparation (proper selection of receptor
combined with an effective immobilization chemistry) is undoubtedly the
first step defining the limit of the analytical performance of the biosensor
in terms of obtainable detection limit, specificity, and reproducibility of the
result. As example, in the development of genosensors, the first key step
is the selection of suitable and performing nucleotide sequences to assure
the best biosensor analytical performances. Differently from immuno-
based approaches, in which the choice is confined to available antibodies, a
genosensor can be highly personalized through the selection of the desired
nucleic acid sequence. Thus is of key importance the evaluation of its char-
acteristics during a pre-analytical study aimed to the selection of the best
performing detecting sequence. We recently demonstrated that advantages
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in terms of analytical performances can be addressed by applying a ratio-
nal procedure for the selection of the DNA sequence to be used as pri-
mary receptor [3]. Further improvement of the analytical performances
can be addressed by the rational sampling of the SPR signal [4-5], mainly
in case of SPRi, and by playing with the use of additional detection strate-
gies, such as the use of mass enhancers [i.e., sandwich-based assays, in situ
DNA amplification by molecular architectures and enzymatic activity, use
of functionalized nanoparticles (NPs), etc.]. Therefore, the second part of
the chapter is centered on new methods for signal sampling and, finally,
new tends for the enhancement of the SPR signal for molecular diagnostics
purposes.

3.2 Artists of the Biorecognition: New Natural and
Synthetic Receptors as Sensing Elements

Affinity biosensors can be defined as biosensors using as recognition ele-
ment a receptor that binds the target analyte by an affinity interaction. In
this category fall antibody-antigen interactions, hybridization between
nucleic acids, (membrane or cellular) receptor-ligand binding, and more
recently biomimetic or synthetic receptors, obtained by molecularly
imprinted technology (MIP, or plastic antibodies), combinatorial selection
(aptamers), and protein engineering (affibodies).

3.2.1 Antibodies and Their Mimetics

Immunosensors appeared in the early 1990s coupled to SPR transduction
for a different variety of analytes of clinical interest thanks also to the con-
tribution of worldwide groups involved in the development of new and
performing monoclonal and polyclonal antibodies of clinical interest [6-8].
An antigen-specific antibody “fits” its unique antigen (or hapten molecule)
in a highly specific manner. This unique property of antibodies is the key to
their usefulness in immunosensors where only the specific analyte of inter-
est, the target analyte, should bind the corresponding antibody-binding
site. In contrast to classical immunoassays, like enzyme-linked immuno-
sorbent assay (ELISA) and radio immunoassay (RIA), affinity-based SPR
immunosensors display several advantages, spanning from the label-free
and real-time detection of the analyte in few minutes, the reuse of the
same receptor surface for many measurements, and the chance of moni-
toring up to tens of different interactions on the same biochip, which might
imply an extremely important advantage of the immunosensor compared
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to commercial kit immunoassays. One among the others, the possibility
offered by real-time monitoring of the interaction to evaluate very easily
the kinetic parameters of the interaction (association and dissociation rate
constants (k_and k), and form their ration the affinity constant (K, and
K,) of the complex).

Generally, the approaches used in assays to develop affinity immuno-
sensors both for small or high Molecular Weight (MW) analytes use essen-
tially other heterogeneous phase immunoassays such as ELISA or RIA
formats (direct, competitive, sandwich) but without using enzyme label-
ing. For high MW analytes, greater than 600 Daltons, direct assays can
be applied by immobilizing the primary antibody (preferable monoclonal
and tethered by exposing the specific Fab portion to the bulk) on the chip
surface and by detecting the binding signal of the analyte after its injection
in the system. This simple and direct approach may be coupled to a sec-
ondary suitable antibody able to bind the same target on a different epitope
and enhance the SPR signal, i.e., the so-called sandwich strategy, in anal-
ogy to ELISA tests. In competitive assays, suitable for low MW analytes
(below 600 Da), the analyte or its conjugate is immobilized on the chip
and the bioreceptor, i.e., the specific antibody (primary receptor), added in
solution, competing for the bound target molecule and the one (analyte)
in the sample solution. In the perspective to enhance the sensor signals,
molecular architectures can be built on the chip, by using affinity ligands
able to recognize specifically molecules on the surface. This is the case of
streptavidin alone or conjugated with gold NPs or with magnetic NPs, able
to bind biotin with high affinity present eventually in biotinylated Ab. Also,
anti-whole Ab, specific for the immunoglobulin source used (mouse, rab-
bit, IgG, etc.) as primary receptor can be used as secondary mass enhanc-
ers molecules, together with proteins A and G, this latter binding the Fc
portion of the Ab. Eventually, Fab fragment (the recognizing portion of
the Ab) has also been used in the development of immunosensors, but this
fragment misses the Fc part thus mass enhancement cannot be performed
in the aforementioned way (with protein A or G).

Thanks to advancements in molecular engineering and microbial expres-
sion, novel highly performing antibodies are now available, with improved
binding properties (affinity, specificity, stability, etc.). Analytical systems
for biomedical applications include a wide range of analytes commencing
from small molecular substances such as glucose, neurotransmitters cofac-
tors, and polypeptides (hormones) to high-molecular-weight proteins,
DNA and RNA fragments and even alive virus or bacteria [9]. SPR immu-
nosensors remain solid, actual, and fast evolving thanks to the development
of ever new engineered antibodies for a huge number of emerging hapten
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molecules (acting as biomarkers in molecular diagnostics). Nevertheless,
in past decades, we assisted to the increasing appearance of mimetic syn-
thetic receptors (bio- or not) that can be exploited in place of engineered
antibodies. Among these, affibodies (developed and produced by Affibody
AB, Sweden) are small synthetic peptides, considered antibody mimetics,
applied both as alternative receptors and for diagnostics and therapeutics
purposes [10]. By SPR-based biosensors, engineered variants of affibody
molecules have proved their usefulness in understanding metal-binding
and other properties of monomeric Ap and Cu(II) under various physi-
ological conditions [11], contributing to understand basic molecular
mechanisms involved in Alzheimer’s disease (AD) [12]. Multi-parametric
affibody-based SPR biosensor using six bispecific affibody-based receptors
was developed for the simultaneous detection of the two human epider-
mal growth factor (EGF) receptors, EGFR and HER?2, respectively [13].
A so-called affitoxin, a novel class of HER2-specific cytotoxic molecules
combining HER2-specific affibody molecule as a targeting moiety and a
cell killing agent (PE38KDEL, a truncated version of Pseudomonas exo-
toxin A9) was recently reported, demonstrating that affitoxin could be an
attractive candidate for treatment of HER2-positive tumors [14]. Synthetic
binding sites of biological receptors are similarly exploited in SPR-based
affinity biosensor, as the case of our recent work aimed to the comparison
of the analytical performances of an antibody anti-human Hepcdin-25 and
a short synthetic peptide mimicking the natural binding site of hepcidin
on ferroportin [15].

Appeared in 1990s, aptamers are short DNA- and RNA-based nucleic
sequences selected in vitro by SELEX (Systematic Evolution of Ligands by
EXponential enrichment), which are still intensely selected and applied to
biosensing for molecular diagnostics purposes [16, 17]. Their features make
them intriguing and valid rivals of antibodies, since they possess several key
advantages over their protein counterparts. Aptamers are self-refolding in
the optimal binding conformation, so that binding activity is guaranteed;
they are DNA or DNA single-chain sequences lacking the large hydropho-
bic cores of proteins and thus do not aggregate; they are redox insensitive
and also tolerate (or recover from) pH and temperatures that proteins do
not. They are easier and more economical to produce (especially at the
affinity reagent scale) because are made through a well defined and highly
reproducible chemical synthesis, which does not depend on bacteria, cell
cultures or animals as for antibodies production. In contrast to antibodies,
toxicity and low immunogenicity of particular antigens do not interfere
with the aptamer selection. Further, highly custom or “orphaned” targets
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can be addressed rapidly and cheaply. They can easily be modified chemi-
cally to yield improved, custom tailored properties.

Among pioneering aptamers for molecular diagnostics, undoubtedly
aptamers selected for thrombin are one of the most successful case [18-21].
Recent advancements in applying aptamers for thrombin detection via SPR
involve aptamer-based sandwich assays in which a primary aptamer acts
as receptor (immobilized on the gold biochip) and, after its binding to the
target molecule, the analytical performance of the instrumental response
is gained by the binding of a secondary aptamer able to bind thrombin
already captured by the primary receptor. The mass enhancement if further
improved by the presence of gold NPs on the secondary aptamer (strategy
here addressed in the dedicated paragraph), see Figure 3.1.

Other target molecules of clinical interest investigated by SPR aptasen-
sors are immunoglobulin E [22], C-reactive protein [23], retinol binding
protein 4, small molecules as adenosine, vascular endothelial growth factor
(VEGF) [24], hemagglutinin (HA) of human influenza virus, nicotinamide
phosphoribosyl transferase (Nampt [25]), eukaryotic initiation factor 4A
(eIF4A) [26], and more [27-29].

After about two decades of research in field of molecular imprinting,
MIP are nowadays a well-known product applied to a large variety of pur-
poses, from solid-phase extraction in chromatography and electrophoresis
[30], to drug delivery [31] and biosensing. For biosensing applications, MIP
generally play the role of synthetic elements able to mimic natural recogni-
tion entities, such as antibodies and biological receptors. The key features
of MIP as sensing elements alternative to antibodies have been extensively
reviewed [32-34], also referred to SPR-based biosensing (35-40). Plastic
antibodies for clinical applications (or related to) have been reported, by
SPR-based sensing, for detection of sialic acid containing ganglioside GM1
in aqueous media [41], for the combined assay of theophylline, caffeine,
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Figure 3.1 Schematic representation of AuNPs-enhanced SPR aptasensor for thrombin
detection.

Pegee ony \

Sensor chip SA




62 ADVANCED BIOELECTRONIC MATERIALS

Reference
electrode  count

(Ag/AgCl)  alectrode (pt)

Electrochemical = Removal of

,.::'"s('n:;.’gf _polymerization. ‘ ’ “" temelate. %ﬁ%“ﬁ@

Working electrode ™ Pyrrole ol Zcaralenone
(bare Au)

%ﬁ{;&@:&o Rebinding \f‘.‘,

Resonance angle shift
/C\& ©—8) w
0
»* ¥
Figure 3.2 Schematic diagrams of the setup for electropolymerization and SPR for

(b) Laser Detector
detecting zearalenone. (a) Preparation of molecularly imprinted polypyrrole on bare Au
using a three-electrode electrochemical system. (b) The shift in resonance angle of the SPR
sensor resulting from the rebinding of zearalenone to the MIPPy film.

(a)

AN

and xanthine [42], domoic acid (veterinary interest [43]), lysozyme [44],
ochratoxin A [45], and mycoestrogen zearalenone (Figure 3.2) [37]. The
understanding of the mechanisms behind the polymer formation and
recognition processes involved in molecular imprinting is continuously
improving, together with increasingly efficient integration of the poly-
mer materials with the transducer. As sensing elements, their robustness,
porosity and flexibility, and signaling abilities of the material also need to
be improved but MIPs promise to find good opportunities in the future in
areas where other natural or synthetic receptors struggle to find reliable
applications [40].

3.2.2 Nucleic Acids and Analogues

Nucleic acids and their analogues as bioreceptors are successfully and
widely exploited for affinity-based SPR biosensors [46]. In particular,
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), peptide nucleic acid
(PNA), and locked nucleic acid (LNA) are the classes of nucleic acids most
exploited as oligonucleotide probes [47, 48]. Their application for clinical
diagnostics spans from the detection of pathogenic microorganisms and
other pathogenic agents like viruses to the traceability of genetic mutations
and polymorphisms related to a large variety of diseases [49]. The recogni-
tion of the target part, i.e., a single-stranded (ss) DNA/RNA sequence, is
based on its fully complementarity to the bioreceptor, i.e., the immobilized
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probe. Respect to other bioreceptors (natural and synthetic), those based on
nucleic acids display several advantages such as a high-stability, a low-cost,
and in vitro production, the possibility of working on target DNAs after
their amplification by PCR (Polymerase Chain Reaction) with consequent
benefits in terms of detectability of samples at very low starting concentra-
tion. Moreover, by playing on tailored nucleotide sequences (3°/5 modifi-
cations, insertion/deletion of specific regions) and their combination with
specific enzymatic activities (i.e., DNA polymerases, ligases [50], restric-
tions enzymes, etc.), nucleic acids bioreceptors allow the development of
intriguing and effective in situ molecular mechanisms of great advantages in
terms of sensitivity and selectivity. Among recent applications in this sense,
DNA-based architectures similar to sandwich assays were set up by our
research group for single nucleotide polymorphisms (SNPs) discrimination
in human DNA. The goal was first achieved by optimizing the method [51]
and then testing DNA samples after their amplification by whole genome
amplification (WGA) [52] and lastly bypassing the amplification step (in
preparation). Metallic NPs can be or not introduced as signal amplifiers via
mass enhancement and/or plasmon coupling between the gold surface of
the biochip and the localized plasmons of the NPs [53] (Figure 3.3).

A recently emerging in situ strategy is named “rolling circle amplifica-
tion” (RCA) and has been applied to pathogenic microorganisms detection
[54], cancer cells [55], VEGF [24], thrombin [55], and point mutations
[56]. RCA is an isothermal, enzymatic process mediated by a DNA poly-
merase in which long ss-DNA molecules are synthesized on a short cir-
cular ssDNA exploited as template with the help of a single DNA primer
[57]. An increasing number of RCA strategies are under fast development
also for the production of repetitive sequences of DNA aptamers and
DNAzymes as detection platforms for small molecules and proteins.

3.2.3 Living Cells

The increasing availability of new automated instruments for classical and
imaging SPR has allowed to investigate other biological systems, such as
membranes, viruses, and cells. Even if the use of cellular materials gen-
erates new issues, e.g., the introduction of proper CO, concentration in
binding solution for mammalian cells and the use of specific anti-fouling
treatments to avoid the contamination of tubing and other components in
the instrument, by using proper precautions and immobilization strate-
gies SPR can provide very valuable information. As for other biological
elements, living cells can play the role of target analytes or sensing ele-
ments immobilized on the surface [58]. The latter case is the issue of this
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Figure 3.3 (A) PLP (Padlock Probe)design. The PLP contains target-complementary
sequence (T), general sequence (G), and tag sequence (Tag). Tag sequence is unique
for each PLP and complementary to the capture probe immobilized on the chip
surface. The general sequence provides the repeats on the RCA products for AuNPs
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the RCA products from the chip surface after the detection completed. (B) Schematic
representation of the proposed detection strategy. (C) Real-time detection of multiple
point mutations by SPR sensor.
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paragraph and, actually, the most recent advancement in the use of liv-
ing cells by SPR and SPRi technology. In the last 5 years, very innovative
and exciting results have been obtained by this approach: SKOV-3 (human
ovarian carcinoma cells immobilized on the sensor surface) were inves-
tigated for their secretion of VEGF by the direct recognition of the pro-
tein biomarker through specific antibodies [59]; Chinese hamster ovary
(CHO) cells were seeded on the biochip surface, cultured, and then sub-
jected to antigen and EGF by continuous and label-free monitoring of the
SPR response in real time [60]; Escherichia coli cells immobilized on gold
biochips modified with parylene-H film containing poly-I-lysine were
exploited as sensor for the detection of CRP [61, 62]; B and T lymphocytes
were grown on the sensor surface and distinguished using anti-IgM and
anti-CD19 for identifying B lymphocytes, and anti-CD3 were used for T
lymphocytes [63]; Horii et al. succeeded in achieving the reagent-less and
real-time monitoring of the allergenic response of RBL-2H3 cells, immo-
bilized on the chip, demonstrating that living cells give higher SPR signals
than the corresponding immobilized antibodies (Figure 3.4) [64].

The aforementioned examples involve living cells as bioreceptors for
SPR-based studies and demonstrate the fast growth of this research area.
The ability to handle living cells directly on sensing surfaces with SPR tech-
nology lets imagine further and successful advancements in the under-
standing of cellular behavior and in other diagnostic relevant contexts.

3.3 Recent Trends in Bioreceptors Immobilization

Bioreceptors immobilization on the sensor surface is a key factor in for the
biosensors sensitivity and selectivity. Many well-established immobiliza-
tion chemistries were reported in literature for SPR- and SPRi-based bio-
sensing such as physisorption, hydrophobic and electrostatic interactions,
covalent binding through nucleophilic attack to carboxylic aldehydic or
thiolic groups, and interactions between native and tagged molecules (e.g.,
avidin/biotin or Protein G and Fc) [65, 66]. The last two chemistries, i.e.,
covalent binding and noncovalent interactions between tagged and native
molecules, are the most employed in SPR- and SPRi-based biosensing for
their reproducibility, stability, and easiness of fulfillment, making them the
most eligible methods for immuno-, aptamer-, and nucleic acids-based
applications. However, the fast and continuous evolution of instrumental
platforms and surface chemistries has stimulated the search of new immo-
bilization strategies to improve the performances of traditional recep-
tors and to address new emerging bioreceptors. For example, covalent
attachment of sensing elements to graphene has the greatest potential for
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Figure 3.4 SPR images for cluster of RBL-2H3 cells before (A) and after (B) antigen
stimulation [the final concentration of DNP (Dinitrophenyl)-bovine serum albumin
(BSA) was 100 ng mL']. (C) Reflection intensity change of several selected cell regions
and cell-free region upon antigen stimulation. Solid line: Reflection intensity change of
cell regions was monitored at the 11 large circular regions of cell clustered area in (A) and
(B). Dashed line: The reflection intensity change of the cell-free region was monitored at
the one small circular region in (A) and (B).

development of new high-performing graphene-based SPR sensing inter-
faces, owing to the stability of the resulting bond. Graphene and graphene
oxide have already demonstrated their potential application as supports for
biomolecules thanks to their features (i.e., large surface area up to 2630 m?
g’!, m-conjugation flat structure), and it is expected that important appli-
cations in the field of biosensors will be published soon. However, most
of paper on this issue reported noncovalent approaches for bioreceptor
immobilization, having the obvious advantage of being easy to perform
(they are based on m—m stacking and van der Waals’ interactions between
graphene and aromatic moieties of biomolecules) and nondestructive for
the extended m-conjugation of graphene (unlike covalent functionaliza-
tion, which creates defects on the graphene sheets). On the other hand,
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noncovalent immobilization of bioreceptors is highly undesirable for real
application, due to its intrinsic unspecificity, i.e., other undesired aromatic-
rich molecules present in the analyte solution could interfere with it in
binding the sensing surface.

Therefore, despite the rapid progress made in the reproducible
fabrication of graphene-based SPR interfaces, at present only a few
advances in real-time biosensing have been achieved [67-71]. A recent
paper dealing with a real application in this sense was reported by Wang et
al. [69] for a-thrombin, obtaining sensitive and selective results. Dispersed
graphene (GN), prepared by the chemical reduction of GO with hydrazine,
is assembled on a positively charged SPR Au (p-Au) film via electrostatic
interaction. Then, the a-thrombin aptamer (TBA) is adsorbed onto the GN
layer through the strong noncovalent binding of GN with nucleobases. The
binding between the aptamer and the target molecule will greatly disturb
the interaction between the aptamer and GN. As a result, TBA is released
from the SPR sensing surface and an obvious SPR angle decrease could be
observed. In this application, the traditional approach of the SPR aptas-
ensor (SPR signal increase after the analyte binding) is inverted, and the
binding between TBA and thrombin generates a decrease of the signal via
detachment of the TBA aptamer from the sensing surface due to the com-
petition with the binding with the specific analyte (Figure 3.5). As proof
of concept, a buffer BSA solution was tested as negative control, giving
negligible difference in the SPR signal. Despite the novelty of the approach,
there is the need to improve and standardize suitable immobilization pro-
tocols tailored for this emerging evolution of SPR biosensing.
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Figure 3.5 (A) The angle-resolved SPR curves during the different steps [p-Au film (a),
GN (b), TBA (c), and treatment with 1 nM a-thrombin (d)] of the sensor immobilization.
(B) SPR angle-time curves for the detection process between the TBA/GN/p-Au sensing
interface with different concentrations of a-thrombin [(a) 0 nM, (b) 0.08 nM, (c) 0.4 nM,
(d) 1 nM, (e) 20 nM, (f) 25 nM, (g) 100 nM, and (h) 150 nM].
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The immobilization of proteins by retaining their functionally active
form and by addressing their correct orientation once tethered on the
biochip surface is pivotal for all protein-molecular interaction studies.
In many cases, the oriented immobilization of protein bioreceptors (anti-
bodies, peptides, proteins, antibody mimetics such as aptamers) can be
addressed by introducing modifications (chemical groups, tails, small mol-
ecules) properly located on the side of the molecule which, once linked to
the surface, leaves the bioreceptor able to bind the analyte. Among these,
the most exploited modifications are biotin, His-tag [Ni(II)-mediated
immobilization of His -tagged ligands], and nucleic acids-based (DNA
and RNA) tails. The modification of the bioreceptor is then coupled to the
proper chemical modification of the gold layer to obtain covalent or non-
covalent bonding of the sensing element [72].

Among recent advancements of these established immobilization meth-
ods, some are devoted to adapt them to the needs of membrane-bound
proteins [73]. Biochips conceived for membrane protein analysis can be
obtained by building lipid layers [74], biomimetic membranes [75], ves-
icles, and nanopores [76] on existing gold SPR chips. Among the newest
advancements, nanopores displayed good results, e.g., in obtaining the
controlled and oriented immobilization of proteins by a puromycin-linker
for cDNA display technology [76]. The utility and potential of this method
were demonstrated by examining the interaction between the B domain of
protein A and immunoglobulin G (IgG) by SPR.

Concerning nucleic acids-based bioreceptors, mainly immobilized via
solid and well-established covalent binding to bare gold (thiol coupling)
or three-dimensional hydrogels (biotinylated sequences), some optimized
approach is reported to investigate small noncoding RNA (sRNA)-mRNA
interactions [77]. Specifically, they ligated a biotinylated nucleotide to the
3’ end of RNA using T4 RNA ligase. Although this is a previously rec-
ognized approach, they optimized the method by the discovery that the
incorporation of four or more adenine nucleotides at the 3" end of the RNA
(a poly-A-tail) is required in order to achieve high ligation efficiencies.

Livache’s research group was pioneering in developing the in situ
eletropolymerization of nucleotidic probe sequences [78] by the direct co-
polymerization of the probing biomolecule (modified with a pyrrole moi-
ety) with pyrrole to obtain microarrays for SPRi. The same approach has
been then successfully extended also for the fabrication of proteins [79],
peptides [80], and oligosaccharides [81] arrays for biosensing applications
spanning from cancer biomarkers [82] to humoral response against hepa-
titis C virus [83].



AFFINITY BIOSENSING 69

3.4 Trends for Improvements of Analytical
Performances in Molecular Diagnostics

In the past years, many advancements were performed in SPR and based
biosensing for the enhancement of analytical performances (e.g., sensitiv-
ity, specificity, and suitability for real matrices) [84, 85], and one of the
most applied solutions was offered by the implementation of NPs to plas-
monic sensing [86].

Recent researches about engineering of hybrid SPR interfaces such as
oxide-based and nanocomposite films were examined by Gao et al. (2011),
analyzing the optical properties and the suitable applications in sensing [87],
while trends of NPs (i.e., AuNPs) embedding within the sensing plasmonic
surface or as labeling molecules in SPR biosensor (2012) were reported by
Bedford et al. (2012), where sensitivity increases and DLs decreases were
described for a wide range of bioanalytes [88]. From a physical chemistry
point of view when the plasmonic sensing surface is close to the NPs (e.g.,
AuNPs), the increase in sensitivity was explainable by two phenomena: the
refractive index difference increase in the surface plasmon wave (SPW) as
well as the optical coupling between the electric fields of localized surface
plasmons (LSPs) and SPW, generating a strongly local electromagnetic fields
enhancement [85]. Such change of resonance properties is key factor for
the ultrasensitive detection of biomolecules, basic in molecular diagnostics
where target are in complex matrices at a very low concentrations levels;
in particular, for DNA sensing the NPs approach is useful to bypass PCR
amplification steps (less time and reagent consumption) [89-91].

More recently (2013), Szunerits et al. collected the new trends of gold
chip surface functionalization with graphene [71]. Although in litera-
ture were reported only few proof of concept applications of interest in
molecular diagnostics (e.g., thrombin detection in standard solution by
aptamer affinity interactions [69]), we are confident that the creation of
hybrid gold/graphene interfaces might open new horizon for biomarker
detection thanks to the high surface/volume ratio and the chance to adsorb
bioreceptor by pi stacking interaction [71]. Other approaches, in addition
to those based on NPs or graphene coupling to SPR, deal with innova-
tive SPR engineering instrumental advances and implementations. The
last forefront trends were collected by Abbas et al. (2011) and concerned:
new optical configurations schemes of excitation; innovative microfluidics
and microsystems for glass or poly(dimethylsiloxane) (PDMS) integrated
chips; replacing of Cr or Ti in the adhesion gold layer with conducting
metal zinc oxides (ZnO, ZnO/Au); advanced opto-electronic components
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(light source and detector); hyphenated approaches with electrochemistry,
scanning probe microscopy, mass spectrometry, Raman spectroscopy, and
fluorescence [92].

After focusing on the last trends for the improvement of the SPR tech-
nology in bio-detection, we report their application in clinical diagnos-
tics field for real bio-matrices first and for standard solution when in
our opinion they represented a wide improvement of the current state
of the art.

3.4.1 Coupling Nanotechnology to Biosensing

Among the different categories of NPs, gold NPs are the most widely
employed and studied in biosensing and in molecular diagnostics taking
advantage of their unique nanoscale properties for the increase of sensi-
tivity, easiness of detection, and achievable implementation in portable
instrumentation [93].

In this paragraph, we collect the most recent and significant NPs
employment in molecular diagnostic with SPR- and SPRi-based optical
transducer. Applications in real matrices have been mainly examined with
a parallel analysis of the standard solution applications when they repre-
sent innovation compared to the current state of art. Different classes of
bioanalyte detection have been review: hormones, cancer biomarker, and
finally DNA samples.

Hormone analysis is an essential field and a major research thrust in
molecular diagnostic and more recently in anti-doping controls [94].
Diagnosis of endocrine diseases may be difficult requiring ultrasensitive
and real-time detection hormone in blood, serum, or urine. At this pur-
pose, the employment of NPs enhancing strategies was reported in SPR-
based detection to achieve the levels of required sensitivity [95].

A paradigmatic example of hormone detection mediated by gold NPs
was reported by Jiang et al. with BIAcore X-100 system. They developed an
inhibition immunoassay for the detectionestriol-16-glucuronidein urine
samples, a hormone for the monitoring of ovarian function from nonpreg-
nant and pregnant patients. The steroid hormone was immobilized by an
ovalbumin conjugate using oligoethylene glycol (OEG) as linker, while
gold NPs coated by the pAb were incubated in the samples. A detection
limit ~34 pM was reached in urine diluted with TM buffer, while the detec-
tion in real matrices was impeded by matrix effect [96].

Mitchell et al. designed a competitive immunobiosensor for testos-
terone detection first in HEPES (N-2-Hydroxyethylpiperazine-N’-2-
Ethanesulfonic Acid) buffer and then in stripped human saliva matrix with
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Biacore 2000. A testosterone derivate was immobilized on the CM5 dex-
tran surface by amino-coupling. Primary antibodies were employed for the
assay while secondary antibodies (anti-mouse IgG) linked to gold NPs were
employed for signal enhancement, increasing 12.5-fold the signal sensitivity
of the assay compared with the only primary antibody. Limits of detections
(LODs) were 12.8 pM in HEPES and 53.4 pM in matrix, sufficient to detect
physiological testosterone in male saliva, ranging from 0.10 to 1.00 nM [97].

In 2010, Frasconi et al. developed an indirect immunoassay for the detec-
tion of insulin in human serum samples using Eco Chemie Autolab SPR
system and based on surface nanostructuring. GNP was encapsulated in
hydroxyl/LC-PDP-functionalized G4-PAMAM dendrimer and immobilized
by amino-coupling on a SAM (Self-assembled monolayer)-modified gold
surface. Insulin was immobilized on the functionalized surface exploiting
again the amino-coupling chemistry, and an indirect assay with anti-insulin
antibody was performed in 10-fold diluted sera (Figure 3.6). The original
modified surface resulted resistant to unspecific adsorption of proteins with
different isoelectric points and molecular weight. Moreover, the electromag-
netic coupling between SPs (Surface Plasmons) and LSPs of NPs lowered the
DL down to 0.5 pM in diluted matrix. Ten-fold diluted sera from healthy and
diabetic patients were analyzed in the 2-43 pM linear concentration range
with high reproducibility (CVs ranged between 3.5% and 4.9%) and RIA
reference test confirmed the reliability of the obtained results [98].

Besides hormones also peptide protein biomarkers have a relevant inter-
est in molecular diagnostics, since they are indicators of different stages of
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Figure 3.6 Immobilization of hydroxyl/LC-PDP-functionalized G4-PAMAM
dendrimer-encapsulated Au NP onto mixed SAMs of alkanethiolates on gold derived
from tri(ethylene glycol)-terminated thiol (a) and the hexa(ethylene glycol) carboxylic
acid-terminated thiol (b). Reprinted with permission from Frasconi M, Tortolini C, Botre
E Mazzei F (2010) Multifunctional Au Nanoparticle dendrimer-based surface plasmon
resonance biosensor and its application for improved insulin detection. Anal. Chem. 82:
7335-7342. Copyright (2010) American Chemical Society.
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related diseases (e.g., cardiac, inflammatory, and cancer), really helpful to
direct the specific molecular therapy and to appraise accordingly the thera-
peutic response. Also, in this field SPR provides a real-time and label-free
platform for daily routine molecular diagnosis [87] and in the past 2 years
there has been a really increasing interest in the coupling with NPs enhanc-
ing strategies to reach the level of sensitivity required in real matrix.

In 2013, Ri Jang et al. reported a hybrid sandwich assay for the direct
ultrasensitive detection of B-type natriuretic peptide (BNP) with a Biacore
3000. A DNA aptamer, covalently immobilized on gold surface, captured
the BNP analyte while anti-BNP covalently linked to gold nanocubes spe-
cifically recognized the analyte and amplified the signal allowing the atto-
molar BNP detection in undiluted human serum [99].

More recently (2014), the aptamer technology coupled to NPs-based
enhancing strategy was also applied for the detection of CRP in spiked
human serum with a SPRi Lab* (Horiba). CRP is a general inflammatory
biomarker related to inflammatory responses in cardiovascular diseases
(CVD), neurological disorders, and cancer. The authors developed an
aptamer sandwich assay coupling the advantage of aptamer technology
with NPs and microwave-assisted surface functionalization. A biotinilated
specific aptamer was immobilized on the extravidin-coated chip surface
to capture the CRP and with the introduction of specific aptamer-coated
quantum dots (QDs), it was possible to enhance sensitivity, improving the
selective detection down to 0.2 fM of CRP in spiked human serum [100].

Martinez-Perdiguero et al. developed a sandwich immunoassay for the
detection of another anti-inflammatory biomarker, the tumor necrosis
factor (TNF-a), a widely studied cytokine activated by macrophages and
involved in immune and inflammatory responses. Anti-TNF-a was immo-
bilized via amino-coupling on a MUA (mercaptoundecanoic acid)-coated
gold chip of SPR2 (Sierra Sensors GmbH) to capture the analyte. Then, an
amplification step was optimized with secondary biotinylated antibodies
linked to streptavidin functionalized. The sensitivity was 3.1-fold enhanced,
and a detection limit of ~1.0 pM was reached in human serum [101].

Many advances have recently been made for the development of new
strategies also for the detection of cancer biomarkers in real matrices.

Uludag and Tothill developed an immunosensor for the detection of
total prostate-specific antigen (tPSA), a biomarker for the diagnosis and
prognosis of prostate cancer, using a Biacore 3000. PSA capture antibody
was covalently immobilized by amino-coupling on the sensor surface,
while gold NPs were coated with a secondary PSA antibody. By perform-
ing a sandwich assay a detection limit concentrations of 9.0 pM in human
serum samples was reached [102].
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Figure 3.7 (a) Preparation of AuNPs@DTBE-antibody. (b) Dual SPRi signal
amplification. Sample was flowed on the SPRi chip surface to directly detect AFP target
(step I), followed by AuNPs@DTBE-antibody to form immunocomplexes for the first
signal amplification (step II), and on-chip ATRP was triggered to further enhance the
signal (step III).

Hu et al. reported the detection in human serum of a-fetoprotein (AFP),
a hepatocellular carcinoma biomarker. A sandwich immunoassay was
optimized on GWC SPRimager II platform, and a dual signal amplification
strategy based on gold NPs and on-chip atom transfer radical polymeriza-
tion (ATRP) was tuned for the improvement of sensitivity. The scheme of
the strategy was reported in the Figure 3.7.

A mouse anti-AFP was immobilized on the gold surface coated by
poly[oligo(ethylene glycol) methacrylate-co-glycidyl methacrylate]
(POEGMA-co-GMA) to capture the analyte. In parallel, the gold NPs are
coated with bis[2-(2 0 -bromoisobutyryloxy)ethyl]disulfide (DTBE) act-
ing as ATRP initiator and linker for the secondary recognition antibody.
The nanostructures were added to the preformed immunocomplex for the
first signal amplification step. Then 2-hydroxyethyl methacrylate (HEMA,
monomer) was secondarily added and polymerized on the sandwich (poly-
HEMA) to further amplified the signal down to 14 pM as detection limit in
10% human serum [103].

Gold NPs assumed a key role also in the improvement of sensitivity for
gene sensing and in particular for point mutation and SNPs discrimination
[89-91]. These mutations have a key role in molecular diagnostics both in
pharmacogenomics as well as biomarkers when occur in specific gene cod-
ing region related to common diseases.
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A method based on sandwich-like assay coupled to NPs was tuned by
Yao et al., for the discrimination of SNPs in TP53 gene, the mostly mutated
gene in presence of tumors. Gold NPs were covalently linked to thiolated
oligonucleotides as signal enhancer for the SNP discrimination down to
1.38 fM target concentration in 15 pL of sample [104].

Another approach, based again on NPs for the high-sensitive detection
of SNPs of clinical interest was optimized by Corn group with a SPR imager,
GWC technologies. SNPs in BRCA1 gene, associated to breast cancer, were
discriminated at picomolar level in unamplified human DNA samples cou-
pling surface enzymatic ligation reactions to signal enhancement by gold
NPs. The SPRi DNA microarrays appeared as a very intriguing solution for
parallel and multiplexed genotyping of multiple SNPs [50].

Spoto group further enhanced SNP detection sensitivity with the same
SPRi instrument down to attomolar concentration and bypassing the PCR
step. SNP discrimination of the human -globin gene, involved in { thalas-
semia, was performed directly in nonamplified genetic material (extracted
from leucocytes). PNA probes were covalently immobilized on the gold
surface for the capturing of the gene of interest (with polymorphic site in
issue), and streptavidin-coated gold NPs linked to biotinylated DNA probe
were subsequently added to the preformed hybrid to amplify the signal
down to attomolar gene detection [105]. The scheme of the assay was
reported in Figure 3.8.

Although NPs have represented a turning point for ultrasensitive SNPs
discrimination with SPR and SPRi, their synthesis is time- and reagent-
consuming with relevant implications for cost and speediness of molecular
diagnostics assays.

At this purpose, in 2013 our group have tuned a sensitive (140 aM)
and label-free DNA-based assay for the detection of unamplified ABCB1
gene fragment (of interest in pharmacogenomic) without the employ-
ment of enhancing factor (NPs) but through rational probe selections with
OligoWiz 2.0 [3,106] and tuned pre-analytical step (sample pretreatments:
fragmentation and denaturation) [107].

In parallel (in the same year), we optimized the assay (secondary probes
labeling and length) for the detection of rs1045642 SNP on the ABCB1
(related to susceptibility of many diseases such as renal, colorectal, and
breast cancer) in extracted genomic sample enriched by WGA [52].

Really recently, the assay was successfully adapted for the same SNP dis-
crimination in unamplified genomic samples directly extracted from lym-
phocytes [108], reducing costs push through analytical outputs and lowering
analysis costs (features required for a daily routine molecular diagnostics).
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Figure 3.8 Pictorial description of the NP-enhanced SPRI strategy used to detect the
normal BN/BN, heterozygous $°39/BN, and homozygous $°39/B°39 genomic DNAs. In
order to simplify the pictorial representation, only specifically adsorbed DNA is shown.
Nonspecifically adsorbed DNA is also present on the surface and contributes to generate
the SPRi-detected signal. PNA-N and PNA-M specifically recognize the normal -globin
and the mutated °39-globin genomic sequences, respectively. Reprinted (adapted) with
permission from D’Agata R, Breveglieri G, Zanoli LM, Borgatti M, Spoto G, Gambari R
(2011) Direct detection of point mutations in nonamplified human genomic DNA. Anal.
Chem. 83: 8711-8717. Copyright (2011) American Chemical Society.

Other nucleotidic analytes of interest for molecular diagnostics studied
and detected by SPR- and SPRi-based biosensors are MicroRNAs (miR-
NAs): about 22 mers relevant nucleic in human blood ranging from high
femtomolar to low nanomolar range of concentration. They act as gene
regulatory in human regulation of gene expression with a parallel interest
as biomarker of serious disease, i.e., cancer, nervous system, liver and heart
diseases [95].

An innovative approach for the detection of miRNA, extracted from
mouse liver tissue, was reported by Fang et al. LNA microarray was immo-
bilized on the gold chip surface (SPR imager, GWC technologies) for the
parallel and multiplexed detection of miR-16, miR-122b, and miR-23b.
The SPRi response was enhanced by poly-(A) enzyme chemistry and T30-
coated gold NPs signal amplification [109].
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3.4.2 Microfluidics and Microsystems

The basic sample handling and processing of commercial SPR and SPRi are
often restricted by a basic flow-cell technology with a consequently nega-
tive impact on the sensitivity and analytical productivity. In this paragraph,
we reported the last trends regarding microfluidics and microsystems tech-
nologies to improve the detection of various bioanalyte of wide interest in
molecular diagnostics [110].

A three-port microfluidic device combined to a portable SPR signal
transducer was reported for the brain natriuretic peptide (BNP) detection,
a cardiac hormonal biomarker secreted during cardiac failure. BNP solu-
tion from human serum was incubated with acetylcholine esterase-labeled
specific antibody and then introduced into the microchannel of the device
(Figure 3.9). Only free-BNP conjugate bound to BNP-immobilized sur-
face (by amino-coupling) in the flow channel. Then acetylthiocholine was
added as substrate and the thiol compound (thiocholine), generated by the

Figure 3.9 Schematic diagram of the procedure for BNP determination in the
immunosensor. (a) Preparation of the immunosensor. Film A is modified with BNP for
the collection of unreacted anti-BNP-AChE. Film B is a bare gold film for the detection
of concentrated thiocholine. (b) Introduction of a mixture solution containing BNP and
anti-BNP-AChE from port III to port I. The unreacted anti-BNP-AChE was collected on
BNP-modified film A during the first flow. Then, the channel was rinsed with phosphate
buffer during the second flow. (c) Acetylthiocholine was introduced from port III to port
I1. Thiocholine was produced from acetylthiocholine by the collected anti-BNP-AChE on
film A, then the thiocholine accumulated on the film B surface located downstream in the
microchannel, and was monitored by the SPR angle shift during the third flow. Reprinted
(adapted) with permission from Kurita R, Yokota Y, Sato Y, Mizutani E Niwa O (2006)
On-chip enzyme immunoassay of a cardiac marker using a microfluidic device combined
with a portable surface plasmon resonance system. Anal. Chem. 78: 5525-5531.
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enzymatic reaction with the bound conjugate, covalently bound to a thin
gold layer located downstream in the microchannel, generating a SPR angle
shift monitored as analytical signal. Concentration range of 5 pg/mL-100
ng/mL trace levels (15 fg) were detected in about 30 minutes [111].

A novel microfluidic approach for the detection of biomarkers directly
from living cells was described for the first time by Liu ef al. though the
integration of the SPR system with a mini cell culture module applied to
PDMS gasket with a gelatin. They tested the microsystem for the VEGF
detection, a biomarker abnormally produced from cancer cells in myelo-
dysplastic syndromes examining specifically living SKOV-3 cancer ovarian
cells. First the specific anti-VEGF was linked on chip surface via G protein
and then the in vivo microenvironment of the VEGF signaling pathways
was mimicked tuning the cell viability in the PDMS-modified gasket, prov-
ing a correlation between carcinoma cell number and analytical signal. The
whole procedure represents a starting point for the real-time monitoring of
biomarker directly expressed in living cells [112].

More recently (2014), Chuang et al. designed a membrane-based sample
handling for quantitative interferon-gamma detection (IFN-y) with a SPR-
based aptasensor. A rayon membrane separated the sample chamber, where
a specific aptamer was immobilized, from the streptavidin chamber, where
streptavidin was stored with the possibility of migration through the mem-
brane pore according to the Darcy law. A bi-functional, hairpin-shaped
aptamer acted as bioreceptor, capturing for the IFN-vy, as well as signal
amplifier, binding streptavidin after migration from membrane (stopping
flow) (Figure 3.10). A detection limit of 10 pM was achieved in only half

Aptamer D
%@ Q@@ o-
o o© ¥

Gold film ? ? ?

Initiation stage Adding sample Adding streptavidin Washing

Figure 3.10 Conceptual diagram of the SPR aptasensor operating processes in a
membrane-based cartridge.
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hour and the device resulted easy to use and cheap compared to the con-
ventional multi-step protocol requiring well-trained clinicians [113].

3.4.3 Hyphenation

The hyphenation of SPR and SPRi with conventional analytical instrumen-
tation has been increasingly implemented in the past decade, especially
for a first evaluation of the analytical potential although the application to
diagnostics is still at an early stage [92]. In this paragraph, we report just
few significant examples.

High-resolution SPR microscopy (SPRM) was used by Wang et al. for
the label-free and imaging for the mass quantification of HIN1 Influenza
viruses particles. Anti-HIN1 antibodies were covalently immobilized by
amino-coupling on the sensor surface for the particles virus capturing in
PBS (phosphate buffered saline) buffer and a mass detection limit of ~0.2
fg/mm?*was reached by SPRM measurement, emphasizing the reliability of
the method to quantify the mass of single viral particles and to study the
binding affinity between antibodies and virus capsid [114].

Remy-Martin et al. coupled the SPRi technologies with a MALDI-TOF
mass spectrometry (dubbed “SUPRA-MS”) for the multiplexed and par-
allel quantification of bioanalyte (Figure 3.11). In particular, MS (mass
spectrometry) analysis could improve the identification and discrimination
among eventual several isoforms of the same bioanalyte. In particular, the
authors reported a proof-of-concept data validation for the identification
and quantification of the LAG3 protein in human plasma, a biomarker of
tuberculosis and human breast cancer. Anti-LAG3 and control anti-aRSA
(aRSA, rat serum albumin) were covalently immobilized on the gold chip
surface of a SPRi-Plex II (Horiba). The method was fast, automated, reli-
ability and specific (100% LAG3 identification with the collateral presence
of aRSA) with a detection limit of ~1 pg/mL in human plasma, pointing
out also the potential applications in proteomics [115].

3.5 Conclusions

We discussed here recent developments in SPR-based affinity biosens-
ing for applications of interest in molecular diagnostics. In particular, we
underlined the importance of key aspects to be considered in the biosen-
sor development for real application to complex matrices, such as human
specimens. These days the focus is to push a step forward the technology
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Figure 3.11 Flow chart of the SUPRA-MS technique.

potentialities by rational approaches in the assay, from the rational choice
of the bioreceptor, the immobilization strategy (to preserve bioreactivity
and, at the same time, preventing unspecific adsorption of matrix com-
ponents), to tailored sampling and management of SPR results. Finally,
attention is also given to strategies for signal amplification, which can
be addressed by molecular architectures buildings, eventually coupled to
nanostructures. All these aspects contribute to improve the analytical per-
formances of the system, in terms of detection limits and reproducibil-
ity. Ultrasensitive detection of DNA sequences bypassing the traditional
amplification step by PCR is possible nowadays, eventually for detecting
single polymorphisms (SNPs) on genomic DNA from lymphocytes.
Behind these, recent application to affinity biosensing of emerging and
relevant molecular clinical markers from real samples is reported as well
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as the detection of whole cells. These latter can be addressed for direct
detection or for detecting their released factors in situ, once the cells are
deposited on the chip surface.

These recent advancements, addressing important aspects of clinical
diagnostics, will further open this technology to users that may not have
access to SPR so far, such as clinical control laboratories.
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Abstract

The review is related to the synthesis and application of electropolymerized mate-
rials with their own redox activity in the assembly of biosensors devoted to the
detection of biomarkers, proteins, toxins and genotoxic species. Polyaniline, poly-
pyrrole, polythiophene and polyphenazines applied in electrochemical biosensors
will be mostly described as well as hybrid polymeric materials with implementa-
tion of nanoparticles of metals, their oxides and carbonaceous materials. Besides
short description of the mechanism of electropolymerization, main attention will
be focused on the role of polymers in the biosensor functioning. The use of poly-
mers as immobilization matrix, their role in the signal generation and protection
of biocomponents will be considered with an emphasis to the relationship between
the intrinsic properties of the polymers and their applicability in biosensor assem-
bly. Mostly, the biosensors based on the enzymes, antibodies and DNA will be
considered.

Keywords: Electropolymerization, biosensor, polyaniline, polypyrrole,
polythiophene
4.1 Introduction

There is a growing interest in the development of novel biosensing devices
devoted to the detection of various molecules, i.e., disease biomarkers,
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metabolites, environmental pollutants, pharmaceutical preparations, food
additives, etc. Although all of the substances can be reliably detected with
conventional analytical techniques, mainly chromatography and spectros-
copy, the necessity in consistent preliminary information on the sample
content available far from modern equipped laboratories calls for the devel-
opment of portable devices intended for unqualified users. Biosensor is a
portable device providing specific quantitative or semi-quantitative ana-
lytical information using a biological recognition element, e.g., enzyme,
DNA, or antibodies. It is assumed that the biochemical receptor is in direct
spatial contact with a transducer converting biochemical response in elec-
trical or optical signal [1].

The significance of biosensor analysis of many species which have cru-
cial importance for human health, environmental protection and food
safety resulted in dramatic enhancement of the biosensor market espe-
cially in the area of glucose assay for diabetes patients and some other
clinically important compounds like oxalic and uric acid, urea and immu-
nodiagnostics [2]. What important is that biosensors promise significantly
decrease of the price of assay and hence are directed to a broad application
among population in the framework of personalized medicine concept and
point-of-care diagnostic tools. In environmental monitoring, biosensors
are mainly intended for the detection of most toxic species, e.g., pesticides
and industrial pollutants as well as on the early warning on carcinogenic
substances [3].

Starting from the first work on glucose electrode opening the biosen-
sors era [4] electrochemical transducers dominate among other detection
principles due to undisputable advantages they possess, i.e., high sensi-
tivity, user friendly design, intuitive operation and results interpretation,
automation and miniaturization prospects and compatibility with con-
ventional measurement equipment [5]. Electrochemical biosensors can
be used for the analysis of optically non-transparent samples including
biological fluids and tissues, they are easily implemented in automation
and flow-through system and mostly do not require sophisticated sample
treatment. It should be also mentioned that electrochemical sensors are
common in medicine and biology (measurements of blood gases, redox
potential, electrophysiology, potentiometric detection of K*/Na* ions, etc.)
and the principles of electrochemistry are frequently used in biophysics
and biochemistry (metabolic paths, photosynthesis, ATP synthesis, etc.)
[6]. This makes easier both the development and application of biosensor
in appropriate areas of biology and medicine [7].

The determination of the origin and quantity of target species in the
presence of many others in ambient conditions is one of the most cited
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advantages of biosensors [8]. The selectivity of interaction between the tar-
get analyte and biochemical receptor on the biosensor interface is mainly
presumed on the nature of biochemical reactants. Meanwhile, the perfor-
mance of appropriate biosensor highly depends on the way the biochemical
receptor is introduced in the biosensor assembly [9]. This is mainly related
to fixing the biocomponent of a biosensor on the transducer surface called
as immobilization. In addition, the environment most favorable for the
biochemical interactions should be provided and the signal corresponded
to such interaction generated and recorded. In respect of the selectivity of
transduction processes, electrochemical devices are limited by the nature
of appropriate redox reactions that take place on the transducer surface.
In comparison with optical sensors, electrochemical (mainly voltammet-
ric) sensors offer lower resolution and higher sensitivity toward interfer-
ing factors like presence of redox-active species or adsorption of proteins
or surfactants. For this reasons, the arrangement of surface layer includ-
ing besides biochemical components some auxiliary materials intended to
suppress any interfering factors is considered as a key step of the biosensor
development which often predetermined the final success and applicability
of biosensors for real sample assay.

Many modifiers have been reported during the past decades of biosen-
sor development to improve the performance of electrochemical biosen-
sors. From their variety, two main groups deserve special attention. They
include (1) polymers which act as carriers of biochemical receptors on the
stage of their immobilization and also mechanically protect the biochemi-
cal layer from deterioration [10], and (2) redox mediators that decrease
the working potential and amplify the current corresponded to the oxida-
tion (rarely reduction) of a target species [11, 12]. The application of the
polymers initiated from some relative biochemical techniques like electro-
phoretic isolation and purification of the proteins or immune blotting in
immune and DNA assay. Derivatives of cellulose [13, 14], silk fibroin [15]
nylon and polyelectrolytes like Nafion or polystyrene sulfonate [16, 17] are
mainly used in biosensor assembly. Depending on the material and its role
in biosensor functioning, the polymers can be either attached to the sur-
face (polymeric membranes) or formed directly on site by casting the sus-
pension followed by the solvent evaporation [18]. Both approaches show
their drawbacks and advantages. Briefly, the use of commercial membranes
assumes periodical regeneration of the surface layer and well conforms to
flow-through conditions. The membrane molding on the transducer sur-
face is preferable for miniature devices. It makes it possible to immobilize
the biochemical receptors together with polymer deposition in one step by
entrapment of the biomolecules in the growing polymer film.
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Redox-active species able to reversible electron exchange often called
‘redox mediators’ decrease the overvoltage of the electrode reaction [19].
The necessity in such additives is due to two reasons most frequently men-
tioned, i.e., (1) decrease of the working potential and hence of the possible
negative effect of other redox-active species present in the sample; and (2)
changes in the mechanism of the electrode reaction, e.g., prevention of the
deposition of insoluble products (electrode fouling) or provision of revers-
ibility of the electron transfer.

High overvoltage of direct electron transfer from/to biopolymers is
explained by the complex structure of most biochemical receptors applied
in the biosensor assembly. Both the redox-active site of an oxidoreductase
enzyme and nucleotides of a DNA sequence are positioned deeply inside
electrochemically inert surrounding and hence cannot be in close direct
contact with the electrode. In accordance with Marcus’ equation (4.1) [20]
the rate constant of the electron transfer k , decreases with increasing real
distance of the electron transfer d,.

(AG* + 1)2

A (4.1)
4RTA

k, = exp[—ﬂ(d—do)]exp -

Here, d is Van der Waals’ distance; AG° and A are Gibbs’ and reorganization
energies, respectively. Bulky proteins or rigid DNA helixes do not provide
the density of the contact points required for remarkable signal, whereas
the mediators play role of shuttles that transport electrons from the redox
centers and the electrode. Although the contribution of reorganization
energy near the electrode interface should be taken into account, the steric
hindrance is considered as main reason of low electric signal of proteins
and DNA on non-modified electrode.

Various redox mediators have been described for biosensor design dur-
ing the past decades. They involve oxides and complexes of transient met-
als, heteroaromatic and polyaromatic structures, carbonaceous materials
and nanoparticles of the noble metals. Although shuttle functions are bet-
ter established with free mediators, they can be also attached to the elec-
trode surface via long flexible linker. This makes it possible to avoid losses
in mediators during the biosensor operation in decrease the number of
reagents and measurement stages required.

Although the electrochemical biosensors have successfully adopted the
protocols of electrode modification previously elaborated for voltammetric
sensors, the variety of biochemical receptors and appropriate targets calls
for the continuous improvement of modifiers to achieve the sensitivity and
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selectivity of bioassay required for their following commercialization and
mass production. At present, more sophisticated combinations of several
materials are reported to improve the preparation and operation of appro-
priate biosensors. One of the promising approaches is based on the use of
the polymers obtained by electropolymerization directly on the working
surface of the transducer and offering both the immobilization and electric
wiring the biomolecules [21].

The use of electropolymerized materials was the subject of several excel-
lent reviews published recently with particular emphasis to the immobi-
lization ways [22] or electroconductivity properties [23]. In this review,
the literature covering past 10 years is summarized in accordance with the
biorecognition element and polymer used in the assembly of the biosensor.
It should be mentioned, that some woks are devoted to the use of chemi-
cally synthesized polymers which characteristics are similar but not identi-
cal to those obtained by electrolysis. This is mainly related to polyaniline
(PANI) which chemical oxidation results in higher molecular mass and
lesser by products yield in comparison with electrochemical alternative
[24]. Nevertheless, main principles of their application in the biosensor
assembly remain the same and such references will be also presented in
the review. The same refers to conventional polymers containing redox-
active groups in the substituents implemented in side-chains of the poly-
mer molecule.

4.2 Electropolymerized Materials Used in Biosensor
Assembly

4.2.1 General Characteristic of Electropolymerization
Techniques

In all the materials obtained by electropolymerization, the reaction is initi-
ated by oxidation of appropriate monomer to cation radical that is coupled
with either another monomer molecule or second radical with subtraction
of the hydrogen ion. If the intermediate particle is stable enough, the prop-
agation stage continue to form oligomeric and polymeric products like in
ion-radical polymerization of unsaturated compounds initiated by chemi-
cal oxidants. Most frequently, the generation of radical particles is required
during the whole polymerization period because of the low efficiency of
the coupling reaction. The propagation involves the formation of the cat-
ion radical of intermediate oligomers. Coupling monomeric unit does not
affect dramatically the electrochemical activity of the product so that all
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the variety of oligomeric products gives one broaden peak on voltammo-
gram. The electroconductive polymers like PANI, polythiophene deriva-
tives and polypyrrole (PPY) show on voltammogram recorded during
the electropolymerization a series of peaks which height progressively
increases with the amounts of products deposited on the electrode surface.
Redox-active polymers like polyphenothiazines and polyphenazines form
two pairs of peaks. One pair corresponds to the monomers present in the
solution and the second one to the polymerization products. The pairs dif-
fer in the peak potentials. Polymeric products exert higher peak potential
difference against that of the monomers due to lower reversibility of the
electron exchange. This can be due to blocking of the electron transfer from
the transducer followed by the full coverage of the electrode surface and
shuttle mechanism of the oxidation-reduction of redox centers within the
polymeric film. Due to latter reason, the cyclic voltammogram recorded
on the electrode modified with redox active, but non-conductive polymer
looks similarly to that of diffusion limited electrode reaction and does
not correspond to canonical surface reaction with a bell-shaped peak and
sharp decay of the current after reaching its maximal value. Poly(neutral
red) is the only exception with the peak potentials equal for monomeric
and polymeric form so that changes in the voltammograms do not cover
the position and shape of the peaks on the potential axis [25].

As could be already seen from the above description, the redox-active
polymers in the assembly of biosensors are mostly classified in accordance
with the paths of the electron exchange. In general, three types of the poly-
mers can be mentioned:

e Electroconductive polymers that show electronic-ionic
conductivity and resistance comparable to that of semi-
conductors. Such polymers can effectively wire redox cen-
ters of biomolecules [26, 27]. PANI, PPY and polythiophene
derivatives are mostly used in this group of the polymers
together with their derivatives exerting similar electrochem-
ical properties.

o Electrochemically active polymers which can mediate electron
exchange near their redox peaks” pair but are inactive in the
other potential regions [28, 29]. The polymers of this group are
quite effective as redox mediators especially due to possibility
to establish close contact with biomolecules within the polym-
erization step. Polycyclic heteroaromatic systems obtained
from phenazines, phenoxazines and phenothiazines belong
to this group of polymers. Many of them are known under
trivial names as dyes or redox indicators (neutral red [30],



ELECTROPOLYMERIZED MATERIALS FOR BIOSENSORS 95

NH NH
/@i j@\ Methylene blue /@i D\ Thionine
(H;Q),N S N(CH,), H,N S NH,
NH
Neutral red
(H;Q,N S N(CH;), H,N NH N(CH,),
NO,

H,C NH HN 0
j@E J@\ Toluidine blue O Ij
H N s N(CH ‘ NH

3)2

N(CHy),
Nile blue
" NH,
/@i ;@\ Azure A
HN s N(CH,),
N H2N4<;>*HC Basic red 9
@[ \>—SH Mercaptothiazole Q
S

H3Cj©iNH Brilliant cresyl blue NH,
(CHg),N 0 NH,
Figure 4.1 Monomers used for the synthesis of redox-active polymers and application in
biosensor assembly (reduced forms are presented).

methylene blue [31], etc.). The structures of frequently used
monomers of this group are presented in Figure 4.1.

» Non-conductive polymers with separated redox-active groups.
They differ from the second group mainly by the way of the
synthesis. Redox-active units are chemically implemented
in the substituents of the main chain in a distance prevent-
ing or making ineffective the electron exchange between
them. For this reason the polymer works as a micro array
of isolated redox centers and the role of the polymer core is
limited to establishment of regularity in spatial distribution
of such centers and simplicity of transducer modification.
Ferrocene-modified polymers for glucose sensors are mostly
known representatives of this group [32]. Dendrimers,
hyper-branched polymers with a core and repeatedly
branched shells, can be also referred to this group [33].
They are commonly used as enzyme carriers and stabilizers.
However, dendrimers bearing terminal redox groups facili-
tate the electron transfer and hence can wire enzyme redox
centers. Polyamidoamine (PAMAM) derivatives are mainly
used for this purpose.
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Chemical synthesis of the redox-active polymers utilizes two strate-
gies, i.e., (1) modification of a polymer via siding functional groups, and
(2) polymerization of the monomers already containing redox centers.
The second way can be complicated by involvement of redox groups in
the initiation and propagation of the reaction so that the modification of
already existed polymers is considered more convenient. The possibility of
modification directly on the working surface and variety of the products
obtained are additional advantages of such an approach.

The details of the chemical synthesis of redox-active polymers are
beyond the scope of this review, but they are briefly described in reviews
and monographs [18, 34, 35].

The deposition of the electropolymerized film can be performed prior
to or together with the biomolecule immobilization. First approach is
more flexible because it allows changing the solvent and exclude chemi-
cal inactivation of biochemical receptor. The electropolymerization can be
performed in polar organic solvent containing monomer(s) and then the
electrode is transferred in aqueous solution of a protein/ DNA to finish the
assembling of the surface layer. In this case, electropolymerization is per-
formed in potentiostatic mode to increase the mass of the polymer depos-
ited on the surface and control the redox status of the coating.

Second approach assumes the use of water-soluble monomers and
involves electropolymerization in aqueous solution compatible with the
biopolymers and in conditions mostly comfortable for biomolecules to be
implemented/detected. Low solubility of some monomers can be partially
compensated for by addition of surfactants or emulsifying agents [36, 37].
However, emulsification and the use of miscellaneous water-organic media
decrease the reproducibility of the polymer characteristics and worsen the
biosensor performance.

Taking into account biosensor development, multiple scanning of the
potential in aqueous monomer solution is preferable. The protocol of such
polymerization assumes reversible reduction/oxidation of the redox units
in growing polymer film. Being less effective in sense of the current yield
than potentiometric mode, multiple scanning exerts other advantages, i.e.,
continuous information on the polymerization process from the shape and
height of the peaks on voltammograms, control of possible formation of
by-products, commonly related to oxidative degradation of the functional
groups in the side chains of the polymer, and intuitively understandable
parameters of optimization. The number of potential scans required for
electropolymerization is rather small. The changes of the redox activity of
the electrode interface indicating the film deposition started from second
cycle. Appropriate changes of the surface morphology indicated by atom
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force microscopy (AFM) started from third to fifth cycle. First scans of the
potential cannot provide the formation of a high-molecular product and
actually oligomers are precipitated on the electrode. The structure and spa-
tial distribution of the polymers were investigated only for PANI and PPY
and mainly for chemically synthesized polymers.

Electropolymerization can be easily combined with implementation of
other redox mediators which are either pre-deposited onto the surface or
implemented into the polymer structure by physical entrapment, simulta-
neous synthesis or covalent linking. Metal nanoparticles (Au [38, 39] and
Pt [40, 41]) and carbon nanotubes (CNTs) [42, 43] are mostly used for such
electrode pre-treatment although some other common mediator systems
are described [44]. Such protocols are aimed to increase the specific surface
of the electrode and hence the amounts of polymers deposited. The addi-
tives improve the electron transfer in rather thick films of redox-active poly-
mers and the efficiency of electropolymerization. Increase in the roughness
or formation of nanosized domains with regular structure and positioning
on the transducer are preferable for the following DNA immobilization.

4.2.2 Instrumentation Tools for Monitoring of the Redox-
Active Polymers in the Biosensor Assembly

The characteristics of polymeric coatings on the surface of biosensor trans-
ducers are mainly established by electrochemical impedance spectroscopy
(EIS) [45], electronic and probe microscopy. Charge transfer resistance and
capacitance of the surface layer indicate changes in the charge distribution
and permeability of the surface layer for redox probe, e.g., ferricyanide ions
or ruthenium complexes. Although conductance measurements require
special technique like four-point probe measurements, the redox activity
of PANT and PPY correlates with their electroconductivity and allows opti-
mizing measurement conditions in sense of maximal yield of polymeriza-
tion and efficiency of receptor wiring. Comprehensive EIS consideration
makes it possible to characterize non-uniform structure of the polymer
including the existence and size distribution of the pores, appearance of the
cracks providing direct access of the charge carriers to the electrode, etc.
[46, 47]. It should be mentioned that most of the biochemical molecules
immobilized with or after electropolymerization significantly increases
the irregularity of the surface layer and its thickness due to swelling and
excessive hydration caused by counter ions. On the other hand, deposi-
tion of DNA and polyelectrolytes suppresses such phenomena and allows
using simplified approaches based on Randles equivalent circuit assuming
homogeneous structure of the film with near-zero thickness.
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Electronic spectroscopy as well as AFM visualizes insoluble products
which form on the electrode surface great variety of the shapes, e.g., rods,
beads, star-like particles, dendritic structures and nanofibers [48]. Most of
the reported results of scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and AFM include qualitative description of
the surface morphology although the distribution of the clusters by size,
height and relative permeability is also available.

Although the images obtained by AFM, SEM and TEM are very con-
vincing and frequently give valuable information about the influence of
experimental parameters on the polymerization process, two limitations
should be taken into account. First, very small part of the surface is visu-
alized, whereas the whole working surface can contain other inclusions
unpredictably affecting the features of the biosensor. Second, the supports
used in such investigations are not the same as those in biosensor assem-
bly. Highly ordered pyrographite and mica show a smooth surface which
is necessary to check the morphology of newly formed particles, but they
differ from glassy carbon and even polished gold commonly used in bio-
sensor and affecting the electropolymerization/polymer casting. Certainly,
coverage of the electrode with first quantities of polymer suppresses the
influence of the support material, but the morphology of the support
determines the specificity of the polymer surface rather significantly.

Spectroscopic studies exploit Fourier transformation-infra red (FTIR),
UV-Vis and surface plasmon resonance (SPR) techniques which provide
information about the nature of organic components of the surface layer
and surface reaction run. Indium-tin oxides (ITO) electrodes and thin
transparent golden films on a quartz or glass plates make it possible to
simultaneously monitor redox and optical properties of the polymer lay-
ers. Thus, for PANI-CIO N films electrochemically deposited onto ITO
electrode, the peaks at 793 and 1055 cm™ in FTIR spectra were assigned
to stretching and bending vibrations associated with C-N linkage, the
strongest band at 1469 cm™ to C-C stretching. The 1545 and 3014 cm™
peaks were ascribed to N-H bending and C-H group, respectively [49].
Similarly, carbodiimide binding of the proteins or DNA oligonucleotides
is confirmed by observation of appropriate bands assigned to >C=N- frag-
ments. SPR technique differs from other spectroscopy methods mentioned
[50]. In this approach, total reflectance on the laser beam on the interface
of two optically transparent media covered with a thin Au film is moni-
tored. The conditions of refraction, specifically, the energy dissipating on
the interface as evanescent wave depends on the processes that take place
on the Au surface. Although the sensitivity of SPR method is limited by
rather large biomolecules, this technique is used for kinetic measurements
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of association-dissociation of biomolecular receptors (antigen—antibody
and DNA-protein interactions). SPR measurement can be combined with
simultaneous electrochemistry so that eletrodeposition of the polymers
can be quantified and utilized for the optimization of electrode modifica-
tion. In a similar manner, surface-enhanced Raman spectroscopy (SERS)
utilizes similar optical phenomena on conductive nanoparticles to record
Raman spectra of organic molecules, among others those involved in bio-
chemical interactions.

Direct observation of a polymer growth can be performed by quartz
crystal microbalance (QCM) and the modification of the method combined
with electrochemical measurements (EQCM) [52]. The QCM experiments
in liquid phase do not provide exact estimated of a mass deposited on the
electrode, changes of the frequency of quartz oscillations are interpreted in
terms of efficiency of deposition, both that of the polymer and biological
target in biosensor applications [52].

4.2.3 Redox-Active Polymers Applied in Biosensor Assembly

PANI is a linear polymer which is synthesized in strongly acidic condi-
tions necessary to stabilize primary cation radical formed in the initiation
step (4.2). The necessity in rather strong oxidants or high anodic voltage
often results in formation of quinoid by-products which participate then in
the reversible electron exchange and worsen electroconductivity and stabil-
ity of the polymer. Meanwhile, de-amination does not seriously affect the
electrocatalytic features of PANI. The product of primary electron transfer
undergoes head-to-tail polymerization. Nitrogen atom directly partici-
pates in the polymerization and the PANI redox conversion. The rate of the
polymer precipitation increases with the reaction product amount [53].
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Many characteristics of the PANI depend on the redox equilibria of its
reduced and oxidized forms (4.3) which take place depending on the redox
potential and pH of the solution [54, 55].

Leuco emeraldine base

{QOOO%

+Ze,

Emeraldlne salt +2A A

: n

-2H+ +2|-|+ (4.3)

Emeraldlne base 2

: n
Pernigraniline -2H+ l T +2H*
base

Only a half-oxidized emeraldine salt exerts electroconductivity. In
electrosynthesis, the conductivity window, adhesion of the film to the
electrode and some other PANI characteristics are regulated by elec-
trolysis regime, temperature and counter ion used. In chemical oxida-
tion, the ratio of monomer/oxidant, temperature and oxidation time are
important.

The PANI swells in acidification of the solution or addition of oxi-
dants due to transfer of counter anions bearing hydrate shell. This pro-
cess is reversible and can change the specific volume of the polymer by
30%. Swelling is one of the reasons to use the potential scanning for PANI
electrosynthesis. In periodical changes of the redox-status water and
low-molecular components are “squeezed out” from the growing poly-
mer which becomes denser and is better attached to the solid surface. In
chemical synthesis, the polymer can be contaminated with the impuri-
ties formed from the oxidants. FeCl,, H,O, and (NH,),S O, are used for
aniline oxidation [56]. Also, biochemical synthesis with peroxidase/H,O,
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system [57] and photochemical PANI synthesis [58] are described. The
decrease of the temperature down from -30 to -70 °C improves regu-
larity of the PANI structure and minimizes the content of de-amination
products.

PANI is insoluble in most organic solvents and requires special
treatment like grinding with doping agents (camphorsulfonic acid
[59] and some other strong organic acids insoluble in water) and plas-
ticizer (phenol). The formation of thin regular PANI films is one of
the most important advantages of electrosynthesis for the biosensor
development.

On voltammograms recorded by potential scanning in solution of ani-
line in a strong acid, three reversible peak pairs are commonly observed.
Two of them correspond to redox conversion of leuco-emeraldine/emer-
aldine salt and emeraldine salt/pernigraniline. In between two peak pairs,
reversible peaks of quinoid degradation products often exist. The peaks
grow with the number of potential cycling and became broader. If the acid-
ity of the solution is insufficient, the peaks amalgamate with formation of
one complex very broaden peak in the middle area of the potentials. Many
polyanionic species (Nafion, polystyrene sulfonate, polyacrylic acid, DNA)
are used as templates in the PANI synthesis due to their interaction with
oxidized (positively charged) from the polymer and hence stabilization of
the product [60].

The o- or m-substituted anilines are able to polymerize similarly to that
of unsubstituted aniline. The same mechanism is proposed for polymeriza-
tion of thionine [61] and some other aminated heterocyclic compounds
[28]. Among other cases, the use of sulfonic and carboxylic derivatives is of
special interest because of the self-doping effect [62, 63]. Anchoring coun-
ter ion covalently attached to the polymeric chain stabilizes the reaction
product and improves electrochemical properties of modified electrodes.
Insoluble strong organic acids [64] and sulfonated or carboxylated CNTs
exert similar influence [65, 66]. For the same reason, PANI can be involved
in polyelectrolyte complexes [41, 67, 68, 69].

PPY is formed in the cation radical initiated process similar to that
described for PANI (4.4). However, chain propagation does not involve
nitrogen atoms which can be modified either in monomer or PPY to
improve solubility, hydrophilicity or for covalent attachment of the pro-
teins or DNA molecules. The final product contains rather high (up to
50 mass.%) amount of counter ions located between the planes formed
by pyrrole heterocycles. The solubility of PPY in organic solvents is even
lower than that of PANL
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Together with moderate adhesion to electrode materials, this makes
chemical synthesis less appropriate for biosensor application in com-
parison with electrolysis. Also, the PPY redox equilibria are less sensitive
than those of PANI toward the pH and doping anion nature. PPY pro-
vides only one redox equilibrium and one pair of broaden peaks on cyclic
voltammogram.

PPY can form mixed polymeric products which extend the electrocata-
lytic activity or immobilization abilities of the product. Thus, the copoly-
mers of pyrrole and aniline [70, 71], substituted and unsubstituted pyrroles
[72, 73] have been synthesized and used in the DNA and enzyme sensors.

Polythiophenes are synthesized similarly to PPY in accordance with
general reaction sequence (4.4) where N atoms are substituted with sulfur.
However, the thiophene oligomers are easily oxidized to sulfones (4.5) so
that the redox activity and conductivity of the product is limited by the
presence of such impurities.

@ wras (LAY )
S — S S (4.5)
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The working potential of electrochemical polymerization can be
decreased by the use of thiophene dimers and tetramers instead of the
monomer [74]. Presently, substituted polythiophenes are more popular in
the biosensor applications due to higher solubility of appropriate monomers
in water and organic solvents. Among others, poly(3,4)-ethylenedioxythio-
phene (PEDOT) and 3-alkylsubstuted polythiophenes are described.

PEDOT has been applied in chemical sensors since early 1990s [75].
The electrosynthesis of PEDOT is performed by cyclic potential scanning
in aqueous or organic media in the potential range from about -0.8 to 1.0
V. The initiation step of cation radical formation yields irreversible peak
near 0.8-1.0 V which decreases to about full disappearing to tenth cycle. In
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parallel, an ill-defined pair of reversible peaks related to redox conversion
of PEDOT appears at about —0.5 to —0.3 V. PEDOT in oxidized doped form
is much more stable than PPY and PANI and shows high adhesion to the
solid support because of the 3,4-dioxyethylene cycle which provides favor-
ite geometry of the polymeric chain and leaves no sites free for carbonyl
formation [76]. The electron transduction via PEDOT film is a complex
process which probably includes several overlapping redox steps [77] and
demonstrates high rate of the transfer of charge carriers and electrocon-
ductivity of the final products.

3-Alkyl or alkoxy substituted thiophenes are polymerized preferably in
organic solvents, i.e., acetonitrile [78]. They form dense films with regular
position of hydrophobic substituents orthogonally to the electrode inter-
face. Such polymers are compatible with other self-assembled monolayers
on gold or lipid films. The substituents can be also used for covalent immo-
bilization of biomolecules. Scheme (4.6) shows the attachment of DNA oli-
gonucleotides as an example [79]. Steric access of the bulky reactant can
be improved by copolymerization of substituted and un-substituted thio-
phenes on the same support.

SO,NEt, S0,CI SO,NH-DN
- 2 o (4.6)
/ \ / \ Chlorination / \ / \ NH,-DNA / \ / \
s” Jo\ 87 /m S” Jn\ 8" /m s” Jn\ 8" /m

Polyphenoxazines and polyphenothiazines can be obtained in neutral
and basic aqueous media. The efficiency of electropolymerization and the
mass deposited on electrode increase with the pH of reaction mixture. In
repeated cycling of the potential, the polymerization results in continuing
decrease of the irreversible anodic peak at high potential and increase of
the pair of the peaks at lower potentials which formally corresponds to the
redox conversion of monomeric form of the phenothiazine [see (4.7) for
methylene blue (X = H) and methylene green (X = NO,) as an example].

N H

% e SO
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CH;, X CHs &, X b

It should be mentioned that contrary to PANI, PPY and their deriva-

tives, no chemical synthesis of polyphenothiazines and polyphenoxa-
zines was described for biosensor development as an alternative to their
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electropolymerization. The products of such electropolymerization are
mostly undiscovered and their structure is supposed on the base of cyclic
voltammetry and spectroelectrochemistry. Thus, polymerization of meth-
ylene blue results in preferable N-demethylation of the initial molecule
(N-to-ring coupling [80]). Another mechanism assumes ring-to-ring cou-
pling which might involve the following benzidine rearrangement (4.8)
[81]. Similar structure of oligomers was confirmed by on-line electro-
chemistry - electro spray mass spectrometry [82].
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Electrochemical and SPR study of poly(methylene blue) on gold elec-
trode showed the formation of leuco-form of the polymer with reduced
electroactivity in concentrated monomer solution [83].

Methylene green shows rather small changes in repeated cycling on
glassy carbon electrode if the higher potential does not exceed 0.8 V. The
peaks related to the reversible redox reaction (4.7) are drifted to anodic
potentials with minor increase of the peak current [84]. Some of explana-
tions suggest reversible sorption of the initial compound on the electrode
surface guided by the charge of the molecule [85]. Meanwhile, increase of
the higher scanning potential to 1.0-1.2 V makes the voltammogram simi-
lar to that observed for methylene blue with a couple of growing reversible
peaks related to the polymer and decreasing irreversible anodic peak at
high potentials that initiates the polymerization [86].

Neutral red is preferably oxidized in neutral media to form both linear
and branched polymers. Cycling the potential increases the primary pair
of peaks at -700...-500 mV vs. Ag/AgCl with insignificant changes of the
rest of the voltammogram [29]. Changes in the peak currents coincide well
with mass of the surface film estimated by EQCM techniques [25]. In some
reports, smaller reversible peaks at about 0..200 mV increasing with the
number of cycles are mentioned but their relation to the primary polymer-
ization product is not discussed. The N-to-ring polymerization products are
proposed for the neutral red [see (4.9) for proposed dimer structure].
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Dendrimers with redox-active functional groups. Among redox-
active polymers which are chemically synthesized and do not have ana-
logs obtained by electrosynthesis, dendrimers are of main interest [33].
Dendrimers are composed of three distinct domains, i.e., the core, the
Dendron and the terminal functional groups. The space between the
branches of a dendrimer molecule forms cavities (Figure 4.2). The proper-
ties of the dendrimers are preferably determined by peripheral functional
groups, although the internal functionality of the cavities and the core are
significant.

Dendrimers are obtained by two approaches. In divergent approach, the
growth of the dendrimer proceeds from its core to the periphery by con-
secutive coupling of the monomers to peripheral functional groups. In con-
vergent approach, the growth is initiated by synthesis of dendrons which are
then amalgamated by coupling the core fragment. Redox-active dendrimers
mainly involve ferrocene units covalently attached to the terminal func-
tional groups of the molecule. They are chemically and electrochemically
stable and exert high efficiency of electron transfer. The redox conversion
ferrocene-ferrocenium cation is pH independent and can be used for detec-
tion of oxidoreductase substrates which reaction is followed by acid release.

The efficiency of the electron transfer depends on the number of shells
(dendrimer generation) and ferrocene units and is higher than that of a
linear analog [87, 88]. Cobaltocene, an analog of ferrocene, has been

Dendron HN ® ® o P
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HZN\/\ 1 o NH e e ()
N \ P N NH, 1 e ® o
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3

Figure 4.2 The structure and spatial arrangement of dendrimer molecule. PAMAM -
poly(amidoamine) and PPI - poly(propylene imine). 1 - core, 2 - internal cavities and
3 - branching points.
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successfully introduced in the dendrimers of 1-3 generations to form
mono-substituted derivative (4.10) able to reversible electron exchange in
aqueous and orgamc media [89].
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Maximal sensitivity of electrochemical signal detection was achieved
for the second generation. The pH dependence of the peak potential and
electron transfer rate are due to electrostatic interactions and protonation-
deprotonation reactions of the carboxylic groups of dendrimer molecule.

Dendrimers (4.11) with 2, 4, 8, 16, 32 and 64 terminal porphyrine frag-
ments and their complexes with Zn(II) ions were investigated by cyclic
voltammetry [90]. The redox potential of porphyrine fragments did not
depend on their quantity in the dendrimer molecule.

M = 2H or Zn(ll)
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4.3 Enzyme Sensors

4.3.1 PANI-Based Enzyme Sensors

As was mentioned earlier, PANI exerts electrocatalytic and electrocon-
ductive properties which make them useful for electric wiring of oxido-
reductase enzymes. In addition, PANI-covered electrodes can serve as pH
sensors in the assembly of biosensors utilizing hydrolases and oxidoreduc-
tases. The analytical characteristics of the PANI based enzyme sensors are
summarized in Table 4.1 for the period from 2004 to 2014.

Although the pH sensitivity of the PANI redox potential is observed in
rather broad range of the potentials, usually the interval from pH 3.0 to 8.0
is considered as electrochemically reversible with near-Nernstian slope of
the calibration graph. In addition, PANI can be used for pH detection in
basic media but the mechanism of the reaction differs from that in neutral
and acidic conditions. Instead redox conversion, deprotonation takes place
so that the number of positive charges on the polymer molecule decreases.
The use of PANI-based transducers in basic media is not preferable because
of the degradation of the polymer in such conditions. For this reason, the
reactions of urea and cholinesterases are conducted in neutral media even
though the maximum of the activity of free enzymes is observed at highly
basic solutions. The reaction schemes corresponding to the enzymes men-
tioned are presented in Eqgs. (4.12) and (4.13).

Urease

NHz-ﬁ:—NH2 + H,0 2NH; + CO, (4.12)
9“3 Cholinesterase 9!?'3
H3C~N*CH,CH,-0-C-CHz + Hy0 ——————— H3C—N"CH,CH,-OH + CH;COOH (4.13)
CH, 4 CHs

Urea hydrolysis increases the pH of the surface layer and provokes
deprotonation of PANI, whereas cholinesterase changes the polymer
states in the opposite direction. It is interesting to note that pH shift can
be recorded by the appropriate changes in the redox activity of the poly-
mer. Thus, the current recorded at low potential (near 0 V) corresponded
to the leuco-emeraldine/emeraldine salt equilibrium and decreases with
the PANI deprotonation. Changes in the pH value caused by ammonia
released in enzymatic reaction were earlier used for detection of amino
acids and amines in enzyme sensors utilizing oxidases of amino acids and
aminooxidases. As an example, Scheme (4.14) represents the reactions ini-
tiating amperometric response of such sensor based on PANI-modified
electrode for the detection of creatinine [124].
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PANI * i
N-Methylhydrantoin
./\
€
\ PANI © .
Creatinine + H,0
PANI Layer Enzyme Solution (4.14)

In accordance with common classification of oxidoreductase-based
biosensors, appropriate PANI-based representatives can be referred to the
second (mediated conversion of the substrate/product of enzymatic reac-
tion) and third (direct electron transfer from the active site of enzyme) gen-
erations [125]. Regarding glucose oxidase, the appropriate reaction paths
are presented in Schemes (4.15) and (4.16) and Figure 4.3. Here, FAD/
FADH, is an enzyme cofactor and M, and M, , are oxidized and reduced
forms of mediator M, respectively. Both bioelectrochemical reduction and
oxidation of H,O, can be realized, but first approach seems preferable due
to lower effect of possible electrochemically active interferences present in
sample. Thus, for biological fluids, this makes it possible to exclude contri-
bution of ascorbic and uric acids present in blood.

Second generation

FADH2 + 02 - FAD+H202

FAD + Glucose = FADH, + Gluconolactone
HO,+M,, > HO+M_

M0x+ e MRed

Moy 0, Gluconolactone Mged FADH, Gluconolactone
e
e ) FAD/FADH, ™
\ Mgeq H,0, Glucose \ Mox pae: Glucose
PANI/Enzyme layer Solution PANI / Enzyme layer Solution

Figure 4.3 Second- and third-generation enzyme sensors based on oxidoreductases.
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Third generation

FADH2 + MOx*) FAD + MRed
FAD + Glucose = FADH, + Gluconolactone
M0 +e — MR

X ed

Mediators involved in target process are similar to those used in other
oxidoreductase-based biosensors, e.g., transient metal complexes, noble
metals and CN'Ts. In such biosensors, mediators are used to avoid difficulties
related to direct oxidation/reduction of H,O, on the electrode. This reaction
requires rather high overvoltage and is complicated with instability of the
hydrogen peroxide and oxygen dependence of the enzymatic reaction rate.

Canonical third-generation biosensor assumes direct electron transfer
between the enzyme cofactor and electrode. However, due to steric reason
and specific enzyme structure only few enzymes, e.g., laccase and peroxi-
dase, can be involved in such reaction with current yield convenient for the
substrate detection. In PANI-based enzyme sensors, the polymer is used
for two purposes, i.e., for a denser physical contact of the enzyme mol-
ecule with the electrode and for mediation of the electron transfer. In most
cases, the absolute value of such enzyme sensors is lower than that of medi-
ated biosensors belonging to the second generation. However, they exclude
oxygen as a natural electron acceptor and hence stabilize the operation of
biosensor in real samples. This is especially important for implantable glu-
cose sensors which are intended to use in the conditions of limited oxygen
access to the sensor surface.

Regarding assembling PANI-based enzyme sensors, two promising
strategies deserve to be mentioned. Besides target species, oxidoreductases
can oxidize aniline and hence initiate its polymerization. This makes it
possible to amalgamate the stages of PANI synthesis an enzyme immobi-
lization performed in very mild conditions different from those required
for electropolymerization. HRP is mainly used in such experiments
though glucose oxidase also initiates polymerization. The reaction mixture
contains small vesicles with the walls consisted of PANI and the core of
hydrated protein. It can be deposited on the surface of transducer and fixed
by additional polymeric membrane or cross-linking.

The control of the porosity of PANI layer is another trend of biosensor
design. This can be achieved by performing polymerization in the presence
of rather high amounts of ionic liquids. Mesoporous layer formed is acces-
sible for low-molecular reactants and shows faster and higher response.

An interesting approach to the PANI synthesis in the assembly of
enzyme sensors is presented in Ref. [107]. First, N[3-(trimethoxysilyl)
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propyl]aniline was synthesized as precursor. Its electrochemical polym-
erization with simultaneous hydrolysis of silyl fragment resulted in for-
mation of silica particles with covalently attached PANI molecules. The
immobilization of HRP and cholesterol oxidase provided electrochemical
signal established by direct electron transfer to HRP redox center mea-
sured at low potential (-150 mV vs. Ag/AgCl).

Immobilization protocols used for enzyme attachment to the PANI
layer do not differ from conventional techniques applied in other enzyme
sensors. However, the use of glutaraldehyde and carbodiimides partially
suppresses the reversibility of redox conversion and electroconductivity of
PANI [126]. Some other aspects of PANI-based enzyme sensors are sum-
marized in reviews [127, 128].

4.3.2 PPY and Polythiophene-Based Enzyme Sensors

General principles of PPY and polythiophene application in the assem-
bly of enzyme sensors are similar to those of PANI. They involve physical
entrapment of enzymes and nanosized mediators in the growing polymer
film and participation of the polymers in the electron transfer. The appli-
cation of PPY and polythiophene derivatives for the period from 2004 to
2014 is presented in Table 4.2.

The possibility of simultaneous polymerization and immobilization
is limited by insufficient solubility of monomers in water. The use of
hydrophilic substituents of thiophene, mainly ethylenedioxythiophene
(EDOT) or 3-substituted monomers with carboxylic group can improve
situation. Nevertheless, covalent binding to PPY or polythiophene deriv-
atives remains a main way of enzyme sensor development. In a similar
manner, mediators can be anchored to polymer substituents. Thus, PPY
bearing ferrocene was the first example of enzyme wiring (glucose oxi-
dase, 1988 [166]).

An interesting approach to glucose oxidase immobilization was dem-
onstrated by S. Cosnier’s group [138]. The electrode was modified with
single-walled CNTs and then pyrrole bearing adamantine was electropo-
lymerized. The enzyme was modified by cyclodextrine moiety which
entrapped the adamantane group in the host-guest complex. As a result
of spatial separation of enzyme and electrode, the efficiency of bioelectri-
cal wiring was significantly improved. The limiting current was 6.5 times
higher than that achieved for covalent immobilization on the same car-
rier and about 1.5 times higher than that recorded with Au nanoparticles
as additional mediator. Affine immobilization via nitrilotriacetic frag-
ment anchoring the glucose oxidase or tyrosinase to PPY chain via Cu**
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ions was realized in [167]. The structure of the complex is represented in
Scheme (4.17).

Enzymtj.E Enzyme
H
¥ N
o‘ﬂ/ S\ ,S >—:O
\‘ /' N
N H
0:~.._‘8u2+"0- (4 17)

Biotinylated PPY and its ability to bind avidin as a model of affine immo-
bilization of biomolecules was characterized by QCM for various linkers
separating the binding site and polymer chain [268].

The thickness of the PPY layer implementing enzyme is another impor-
tant factor affecting the biosensor performance. Thus, the use of ultra-thin
PPY membrane (54 nM) decreased the LOD of sulfite detection down to
0.9 uM against thicker analogs [149].

Thiophene derivatives are less active than pyrrole in reactions of enzyme
initiated polymerization and both of them are inferior to PANI. The com-
parative research of enzyme initiated polymerization showed low electro-
catalytic activity of such products due to a lesser permeability of polymeric
walls of vesicles formed. Probably for the same reason chemically syn-
thesized polymers have found limited application though polyelectrolyte
complexes were used for physical enzyme immobilization due to their
hydrophilicity and chemical/electrochemical stability [169]. PEDOT can
be rather easily combined with other redox-active polymers which are
obtained simultaneously or in consecutive stages of monomer electrolysis.
The hybrid products exert improved redox activity and stability against
homogeneous coatings of single polymers. Thus, PEDOT/poly(neutral
red) coatings were applied for the detection of H,O,, a product of many
oxidoreductases reaction. The sensor consisted of two polymers deposited
on carbon film electrode shoed extended linear range of concentration and
lower LOD (30 pM) against an analog consisted of PEDOT stabilized with
polystyrene sulfonate and polyvinylpyridine film [170]. 3-Alkylsubstituted
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polythiophenes show regular structure and high reproducibility of the sur-
face morphology. However, their application in enzyme sensors does not
provide any advantages over PEDOT. Contrary to that, the use of thio-
phene derivatives with carboxylic groups (polymerized thiophen-2-acetic
or propionic acids) simplifies the covalent immobilization of enzyme mol-
ecules via carbodiimide binding. The length of alkylene bridge between
thiophene ring and carboxylic groups predetermines the accessibility of
the enzyme active site toward the substrate molecule. As in the case of
affine immobilization via nitrilotriacetic group, high distance improves the
detection of moderate concentrations of a substrate and allows increas-
ing the sensitivity (slope of the calibration curve) against similar methods
of immobilization in the polymer bode or on its surface. Meanwhile, the
changes in LOD are less convincing. This is not very serious for the enzyme
sensors intended for medical applications because many of the potential
targets (glucose, lactate) are present in the biological fluids in rather high
concentrations. On the other hand, the use of short linkers like in thio-
phene-3-acetic acid improves electric wiring enzyme by electron exchange
within the polymer layer.

In many cases, electropolymerization is superposed with partial block-
ing of the electrode surface or its modification with carbonaceous materi-
als. This approach increases the specific surface concentration of potential
binding sites involved in enzyme immobilization and/or electron trans-
duction. The use of hydrophilic non-conductive polymers like polymeth-
acrylates or latex particles improves the compatibility of polymeric layer
with biomolecules and increases specific activity of immobilized enzyme.
In some cases, plastic arts are used as templates and removed after elec-
tropolymerization by dissolution in organic solvent. Together with the use
of polycarbonate membranes and oxidized alumina foil this is a main way
of templated electrosynthesis resulting in formation of mesoporous films
with increased permeability for charge carriers.

In some cases [129, 130, 154], PPY and PEDOT were used in enzyme
sensors devoted to the inhibitor detection. Acetylcholinesterase was immo-
bilized in the assembly of polymeric films and the decay of its activity was
measured against the pesticide concentration. Indeed, the advantages of
redox-active polymers in inhibitor determination are not obvious: in case
of irreversible inhibition the decay of enzyme activity expressed mainly
by inhibition degree does not depend on the initial signal of the biosensor
prior to its contact with the inhibitor. The positive effect of redox-active
polymers can be rather referred to better conditions for immobilized
enzyme and lower quantities of enzyme used for biosensor preparation.
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Specific adsorption of pesticide on polymer layer and higher accessibility
of enzyme active site toward inhibitors can increase the sensitivity of their
detection, either. The earlier conclusions assume the contact of enzyme
with inhibitor performed in the absence of the substrate. In opposite case
formally related to kinetics of fully competitive inhibition, positive effect of
mediators, including redox-active polymers is in the possibility to decrease
the concentration of the substrate used in measurement. This increases the
sensitivity of inhibitor detection with no response of the incubation period
and initial enzyme activity.

4.3.3 Enzyme Sensors Based on Other Redox-Active Polymers
Obtained by Electropolymerization

The use of polyphenothiazines and polyphenoxazines was mainly initiated
by searching effective catalysts of NADH oxidation. This process (4.18)
performed on naked electrode requires high potentials and results in for-
mation of inactive by-products.

Oxidized form (NAD") Reduced form (NADH)
(0] H H (e}
AN NH, +2e, 2H* ‘ ‘ NH,
N
I
R

(4.18)

Meanwhile, the reversibility of NADH/NAD* cycling is one of main
requirements for the successive functioning of NAD-dependent oxidore-
ductases in the assembly of enzyme sensors. The ability of most studied
monomeric phenothiazines and phenoxazines to participate in electron
transfer from/to NADH/NAD* was many times confirmed for dissolved
and adsorbed on electrode dyes [171-174] as well as for their derivatives
covalently attached to various carriers. In this respect, the polymerization
of these mediators seems consistent in line of the development of appropri-
ate biosensors. In total, more than 250 enzymes utilize NADH as cofactor
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and design of universal platform for the detection of enzyme activity via
NADH turnover establishment is one of the reasons explaining interest
to new mediators working in this area. Relative activity of various poly-
phenothiazines and polyphenoxazines was tested before the period of this
review using mainly conventional electrochemical tools. Thus, Karyakin et
al. [28, 80] compared the conditions for electropolymerization and activ-
ity in NADH oxidation of methylene blue, methylene green, toluidine
blue, brilliant cresyl blue, Meldola’s blue, azur A, neutral red and found
poly(neutral red) most effective in reversible mediation of target reaction.
Later on, the specificity of poly(neutral red) as mediator in the assembly of
enzyme sensors and the similarity of cyclic voltammograms recorded dur-
ing the polymerization of methylene blue, methylene green and neutral red
was confirmed by Barsan et al. [175].

Other polymers of this group are frequently used for the detection
of H,O,, another widespread product of enzymatic oxidation of organic
substrates. The efficiency of H,O, detection is increased by combination
of the oxidoreductase specific for analyte with HRP exerting biocatalytic
effect on H,O, electroreduction. It should be mentioned that methylene
blue and some other phenothiazines belong to photosensitizers and can
be chemically oxidized by dissolved oxygen under UV-Vis irradiation.
If not to consider photovoltaic devices, such a property negatively affects
possible application of the polymers in biosensors because of reduced life-
time and additional limitations of their use, especially in field. The chemi-
cal instability of polyphenothiazines can be to some extent suppressed by
copolymerization of EDOT or PPY. The examples of the application of
polyphenothiazines and polyphenoxazines in the assembly of enzyme sen-
sors for the period from 2004 to 2014 are presented in Table 4.3.

Of other redox-active polymers, the “upside down” application of elec-
tropolymerized material can be mentioned [202]. The detection of urea
was performed with potentiometric enzyme sensor in which poly(o-phen-
ylene diamine) was immobilized on the urease. This unusual assembly
made it possible to significantly decrease losses in potential determining
ion (NH,*) releasing in enzymatic reaction and transferring from the elec-
trode interface into the bulk solution through the polymer layer with pH-
dependent stationary potential. The biosensor developed showed extended
linearity of the response at low urea concentration.

Reagentless lactate biosensor based on lactate oxidase immobilized on
glassy carbon electrode modified with poly(5-hydroxy-1,4-naphthoqui-
none-co-5-hydroxy-3-acetic  acid-1,4-naphthoquinone), poly(juglone)
(4.19), is another example of high efficiency of redox polymers as electron
mediators.
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