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Preface

Nanobioelectrochemistry covers the modern aspects of bioelectrochemistry,
nanoscience, and materials science. The combination of nanostructured materials
and biological molecules enable the development of biodevices capable of
detecting specific substances. Furthermore, by using the bioelectrochemistry
approach, the interaction between bio-system and nanostructured materials can be
studied at molecular level, where several mechanisms of molecular behavior are
elucidated from redox reactions. The combination of biological molecules and
novel nanomaterials components is of great importance in the processes of
developing new nanoscale devices for future biological, medical, and electronic
applications. This book describes some of the different electrochemical techniques
that can be used to study new strategies for patterning electrode surfaces with
biomolecules and biomimetic systems. Also, it focuses on how nanomaterials can
be used in combination with biological catalysts in fuel cells for the green power
generation. By bringing together these different aspects of nanobioelectrochem-
istry, this book provides a valuable source of information for many students and
scientists.

Chapters from Implantable Biosensors to Green Power
Generation

This book provides a comprehensive compilation of seven chapters, with impor-
tant contributions of several authors. Chapter 1 reviews the recent research in
using nanoparticle labels and multiplexed detection in protein immunosensors.
This chapter summarizes recent progress in development of ultrasensitive elec-
trochemical devices to measure cancer biomarker proteins, with emphasis on the
use of nanoparticles and nanostructured sensors aimed for use in clinical cancer
diagnostics. Based on recent strategies focused on nanomaterials for electro-
chemical biosensors development, Chap. 2 discusses the development of new


http://dx.doi.org/10.1007/978-3-642-29250-7_1
http://dx.doi.org/10.1007/978-3-642-29250-7_2

vi Preface

methodologies for biomolecules immobilization; including the utilization of sev-
eral biological molecules such as enzymes, nucleotides, antigens, DNA, amino-
acids, and many others for biosensing. The utilization of these biological
molecules in conjunction with nanostructured materials opens the possibility to
develop several types of biosensors such as nanostructured and miniaturized
devices and implantable biosensors for real-time monitoring. Also, nanomaterials,
such as carbon nanotubes, seem to be the most appropriate electrical host matrix in
biofuel cells due to their bio-compability, high conductivity, high specific surface,
and ability to electrically connect many redox enzymes. The latter, is the focus of
Chap. 3, which also shows that biofuel cells attract more and more attention as
green and non-polluting energy source for, in general, mobile and implantable
devices. Within this research topic discussed in this chapter, nanostructured
materials prevail due to their higher efficiency, energy yields, and the possibility to
construct miniaturized devices. This can also lead to development and applica-
bility of implantable devices, when biosensing has benefitted enormously from the
development of field-effect transistor (FET) sensor platforms, not only due to the
design of specific FET architectures, but also because nanotechnological materials
and techniques may be used to obtain gate platforms with tailored surfaces and
functionalities. This topic is presented in Chap. 4, in which is shown the crucial
points for improving the efficiency of biomolecules immobilization, leading to
higher protein loadings, and as a consequence, better sensitivity and lower limit of
detection. Another advantage is the number of possible architectures leading to
distinct devices including ion-sensitive field-effect transistor (ISFET), electrolyte-
insulator-semiconductor (EIS), light-addressable potentiometric sensor, extended-
gate field-effect transistor (EGFET), and separative extended-gate field-effect
transistor (SEGFET), each of which exhibits advantages for specific applications.
Also, Chap. 5 show how the supramolecular chemistry strategy is used to map
electrochemical phenomena at the nanoscale of low-dimensional highly organized
hybrid structures containing several building blocks such as metallic nanoparticles,
carbon nanotubes, metallic phthalocyanine, biopolymers, enzymes, and synthetic
polymers. The principles of supramolecular chemistry as constitutional dynamic
character of the reactions, functional recognition, and self-organization are
explored from interaction between biomolecules and several supramolecular
architectures in order to modulate the physicochemical properties that arise at
molecular level. The developed platforms with high control of these electro-
chemical properties become interesting devices for sensor and biosensor appli-
cations. Chapter 6 illustrates recent developments on surface characterization of
DNA and enzyme-based sensors to complement information obtained by elec-
trochemical and impedance techniques. This chapter also shows how AFM
imaging is used to characterize different procedures for immobilizing nanoscale
double-stranded DNA surface films on carbon electrodes, in which a critical issue
is the sensor material and the degree of surface coverage. In this regard, another
important technique is the Electrochemical-Surface Plasmon Resonance (ESPR).
The combination of SPR and electrochemical methods has become a powerful
technique for simultaneous observation of optical and electrochemical properties
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at substrate/electrolyte interfaces, as shown in the Chap. 7. The fundamental
aspects of the electric potential effects on surface plasmons are introduced and the
use and applications of this combined electrochemical and optical technique are
discussed.
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Chapter 1

Nanoscience-Based Electrochemical
Sensors and Arrays for Detection
of Cancer Biomarker Proteins

James F. Rusling, Bernard Munge, Naimish P. Sardesai,
Ruchika Malhotra and Bhaskara V. Chikkaveeraiah

Abstract Measurement of panels of biomarker proteins in serum, tissue or saliva
holds great promise for future cancer diagnostics. Broad implementation of this
approach in the clinic requires new, low cost devices for multiplexed protein
detection. Advanced nanomaterials coupled with electrochemical detection have
provided new opportunities for development of such devices. This chapter reviews
recent research in using nanoparticle labels and multiplexed detection in protein
immunosensors. It focuses in part on research in our own laboratories on ultra-
sensitive protein immunosensors combining nanostructured electrodes with
detection particles with up to 500,000 labels that detect as little as 1 fg/mL protein
in diluted serum. Our most mature multiple protein detection arrays are multi-
plexed microfluidic devices with 8-nanostructured sensors utilizing massively
labeled magnetic particles or polymers. This approach provides reliable detection
for multiple proteins at levels well below 1 pg/mL, and shows by excellent cor-
relation with referee methods. The importance of validating panels of biomarkers
for reliable cancer diagnostics is also stressed.
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1.1 Introduction

The concentrations of many cancer-related proteins increase in blood during the
onset of the disease. Measurements of these proteins hold great promise to detect
specific cancers and to monitor their treatment [1-3]. While the possibility to
clinically assess concentrations of panels of cancer biomarker proteins has created
great interest [4—7], broad implementation of such strategies has lagged somewhat
behind research because of the lack of technically reliable, inexpensive devices to
measure multiple proteins in patient samples in a clinical setting [2]. On the other
hand, such devices have enormous potential to improve cancer diagnostics.
Among possible methodologies, electrochemical approaches enhanced by
nanomaterials offer the potential for high sensitivity, high selectivity, low cost, and
instrumental simplicity [2, 8, 9]. This chapter reviews progress in research aimed
toward electrochemical detection of multiple biomarker proteins, focusing on
sensors that derive signals from active oxidation and reduction processes. There
have been parallel developments in nanowire transistors for proteins that we have
not included here [10, 11].

The next section discusses the nature and significance of biomarker proteins for
cancer, followed by a section reviewing the use of nanoparticles in sensors and
detection protocols. The section following discusses the combination of nanosci-
ence-assisted sensing with microfluidics for multiplexed protein detection. We end
the chapter with an overview and comments on the future of cancer diagnostics
based on biomarker detection.

1.2 Biomarker Proteins and Cancer

The US National Institutes of Health defines biomarkers as “molecules that can be
objectively measured and evaluated as indicators of normal or disease processes
and pharmacologic responses to therapeutic intervention” [12]. A broader
definition of biomarkers for cancer consist of any measurable or observable factors
in a patient that indicate normal or disease-related biological processes or responses
to therapy [13, 14]. These can include physical symptoms, mutated DNAs and
RNAs, secreted proteins, cell death or proliferation, and serum concentrations of
small molecules such as glucose or cholesterol. In this chapter, we focus on
emerging nanoscience-based electrochemical methods to detect levels of proteins
as biomarkers that can be used for detection and monitoring cancer [2, 6, 15].
Many proteins are overexpressed and secreted into the blood beginning at very
early stages of developing cancers. Serum levels of these proteins can indicate
cancer and guide therapy even before the onset of detectable tumors. Biomarker
proteins are often specific to several types of cancer, and panels of such proteins
promise a more much reliable assessment of patient status than single biomarkers
[2, 5, 8, 16, 17]. The most famous clinically used single biomarker protein is
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prostate specific antigen (PSA), a prostate cancer biomarker. The PSA serum test
has an insufficient positive predictive value of ~70 % [18], leading to false
positives and unnecessary treatment.

A number of technologies exist or are being developed for protein detection
[2, 6, 15, 19]. Many utilize nanomaterials such as quantum dots, gold nanoparticles,
carbon nanotubes and magnetic particles to enhance sensitivity [20]. Low detection
limits achieved by using nanomaterials can facilitate early cancer detection and
accurate prognosis. Devices for clinical or point-of-care (POC) detection of panels of
proteins must be sensitive, multiplexed, accurate, and reasonably priced. POC
requirements are more demanding, and include speed, automated sample prepara-
tion, low cost, and technical simplicity. These requirements have not been fully met
by any available methodology to date. Ideally, the device should be able to accurately
measure both normal and elevated serum levels of proteins. Concentrations in serum
that need to be measured may be in the sub-pg mL ™" to high ng mL ™' ranges for
different proteins. Potential interferences include the many thousands of proteins
present in serum, some at relatively high levels [2, 5]. In addition to development of
the devices, appropriate panels of proteins for specific cancers will need to be
validated for accuracy with patient samples. Studies will also be needed to establish
the diagnostic value of specific biomarker panels [21, 22], preferably using the new
clinical measurement technologies.

1.3 Nanomaterials in Protein Sensing Devices
1.3.1 Nanomaterials in Electrochemical Immunoassays

Electrochemical methodology for protein detection has been provided exciting
new opportunities by the revolution in nanotechnology. In particular, nanostruc-
tured electrodes, nanoparticle labels, and magnetic nanoparticles for analyte
manipulation have featured heavily in strategies for high sensitivity protein
detection [2, 6, 8, 9, 15]. Most of these approaches have adapted the sandwich
immunoassay from enzyme-linked immunosorbent assays (ELISA), which have
served as workhorse methods for clinical protein determinations. Although protein
detection limits (DL) in classic ELISA approach 1 pg mL ™" [23], the method has
limitations in analysis time, sample size, equipment cost, and measuring collec-
tions of proteins.

An ELISA-like sandwich assay is illustrated for a hypothetical array format in
Fig. 1.1. Spots in the array are shown on an underlying nanoparticle bed, and may
contain capture antibodies or aptamers on the spots to capture analyte proteins
from the sample. After washing with detergent-protein solutions designed to block
non-specific binding (NSB), a labeled secondary antibody is added to bind to
captured analyte proteins. Enzyme labels catalyze conversion of an added chem-
ical substrate to produce a colored product that is usually measured with an optical
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Sandwich immunoassays using nanoparticles
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Fig. 1.1 ELISA-like immunoarray strategy to detect proteins (PSA=prostate specific antigen)
demonstrating some uses of nanoparticles. Gold nanoparticles on the spot areas are linked to
primary antibodies that capture the protein analytes. After washing, a labeled secondary antibody,
or as illustrated here a multi-labeled nanoparticle with attached secondary antibody, is added.
This detection particle binds selectively to the captured analyte molecules. After additional
washing with blocking agents to remove non-specific binding of the labeled species, electrical or
optical detection is used to “count” the number of bound labels that is proportional to protein
analyte concentration

plate reader. Multiple labels provide higher sensitivity [2, 23, 24], and detection
could also involve amperometry, voltammetry, impedance or other electrochem-
ical methods in different formats.

Heinemann et al. pioneered electrochemical immunoassays prior to the nano-
particle era [25]. His team’s systems involve sandwich immunoassays using the
enzyme label alkaline phosphatase which produces electroactive products that are
transported by a chromatographic or fluidic system to an electrode detector [26, 27].
Recent advances have interfaced this approach into microfluidic devices [28].
Interdigitated electrodes have provided the highest sensitivity [29].

Self-contained, single analyte electrochemical immunosensors [30-34] that
feature antibodies (Ab) attached to the sensor surface have also been developed.
This approach has the advantage that protein analyte capture, binding of the
enzyme-labeled secondary antibody, and detection are all done on the sensor
surface. Alkaline phosphatase, glucose oxidase and horseradish peroxidase (HRP)
have been used as enzyme labels along with suitable substrates.

Multiplexing has also been achieved with electrochemical immunosensors.
Separation of iridium oxide electrodes by 2.5 mm in arrays to eliminate cross-talk
enabled simultaneous electrochemical immunoassays using alkaline phosphatase-
labeled Ab, and detection of product hydroquinone giving DLs~ 1 ng mL~" for
goat IgG, mouse IgG, and cancer biomarkers carcinoembryonic antigen (CEA) and
a-fetoprotein (AFP) [35]. An 8-electrode array was developed for detection [36] of
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Fig. 1.2 Amplification particles for electrochemical immunosensors featuring nanoparticles or
other moieties attached to secondary antibody Ab,

goat IgG, mouse IgG, human IgG, and chicken IgY with DLs of ~3 ng mL™".
Eight-electrode iridium oxide arrays in each well of a 12-well plate were used to
simultaneously measure [37] cancer biomarkers AFP, ferritin, CEA, hCG-b, CA
15-3, CA 125, and CA 19-9 with DLs of ~2 ng mL~!. The method showed good
correlation with ELISA for proteins in standard serum.

The advent of simple, reliable methodology for nanoparticle fabrication has led
to new, ultrasensitive approaches to electrochemical protein detection [2, 8§—10].
Cancer detection and monitoring using protein biomarker panels in serum requires
detection limits below that of the normal patient concentrations and sensitivity for
all the protein biomarkers at normal and elevated levels. Detection limits below
pg mL~" levels and good sensitivity up to hundreds of ng mL ™" will be necessary.
Strategies using secondary antibody (Abj)-nanoparticle bioconjugates in sand-
wich immunosensors have included dissolvable nanoparticles labels leading to
electroactive ions, Ab,-nanoparticles with thousands of enzyme labels (Fig. 1.2),
and Abj-nanoparticles with multiple redox probes [38—43]. High sensitivity is
achieved in these approaches by providing a large number of signal generating
events for each protein bound onto the sensor.

Also, nanostructured electrode surfaces can provide an additional sensitivity
boost, both by enabling the attachment of a large number of capture antibodies on
the sensor surface [2, 44], and by allowing better access of protein analytes to
these antibodies [45]. Nanostructured surfaces for immunosensors have been made
using films of carbon nanotubes [10, 43] or gold nanoparticles [2, 46], or by highly
nanostructured microsensor surfaces made by electrodepositing gold [45, 47].
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In recent applications, Cai et. al. [48] used arrays of vertically aligned carbon
nanotube tips with an imprinted non-conducting polymer coating of polyphenol to
detect ferritin and human papilloma virus (HPV) biomarker E7 protein using
electrochemical impedance spectroscopy for a DL of 10 pg mL™" for ferritin.
Osakai et. al. [49] reported label-free voltammetric detection of cytochrome c,
lysozyme, myoglobin, and o-lactalbumin at a polarized oil/water interface using
anionic surfactants to co-absorb with proteins at the oil/water interface. Genc et. al.
[50] reported an amperometric immunosensor utilizing enzyme encapsulated
thermosensitive liposomes for detection of carcinoembryonic antigen (CEA).
Bioconjugation using N-succinimidyl-S-acetylthioacetate/sulfosuccinimidyl 4-(N-
maleimidomethyl) cyclohexane-1-1-carboxylate to link an anti-CEA antibody to
liposomes yielded a DL of 11 pg mL™".

Numerous carbon nanotube (CNT) sensors have been used for detection of
proteins. CNTs are commonly functionalized by using acids to shorten the lengths
and add terminal carboxylate groups. Additional chemistry, such as antibody
attachment, can be done on the functionalized ends. Zhao et. al. [51] reviewed
non-covalent functionalization of CNTs, and wrapping with polymers or DNA to
tune the electrochemical properties of the sensor. Jacobs et. al. [52] reviewed
CNT-based sensors for detection of a variety of proteins using amperometry,
voltammetry, and impedance. These new technologies for biosensors face the
serious challenges of use in more realistic biological monitoring experiments, such
as in serum, blood, saliva or tissue.

We end this section by addressing a critical issue in any immunoassay, mini-
mization of non-specific binding (NSB). There are two types to be inhibited,
(1) NSB of any molecule in the sample that interferes with the assay, and (2) NSB
of labeled-Ab, bound to non-antigen sites on the sensor. In label-free methods
such as impedance, NSB tends to be more serious since any biomolecule that binds
to the sensor can contribute to the signal. In labeled methods, bound, labeled-Ab,
will give a signal even if not bound to the capture antibody, but this signal is not
proportional to analyte concentration. NSB can increase detection limits (DL) and
degrade sensitivity, but can be minimized by washing with blocking solutions of
bovine serum albumin or casein containing nonionic detergents such as Tween-20.
Derivatizing the sensor surface with the appropriate chemistry may also decrease
NSB, with one of the most effective surfaces featuring polyethylene glycol (PEG)
moieties [34, 39] Optimizing an NSB blocking protocol for a specific assay is
often a trial and error process.

1.3.2 Nanoparticles as Labels in Immunoassays

Nanoparticle labels in sandwich immunoassays were first used by Delequaire et al.
[53]. After the antibodies capture the analyte proteins, Ab,-nanoparticle biocon-
jugates bind to them. Then, the nanoparticles are dissolved in acid to produce a
large number of electroactive metal ions. Using gold nanoparticle-Ab, labels, they
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detected gold ions released after acid dissolution by using anodic stripping vol-
tammetry to obtain a 3 pM DL for IgG in buffer. Wang et al. developed ways to
enhance sensitivity even further [38]. Strategies included magnetic accumulation
of gold nanoparticles and their use to catalyze precipitation of Ag. These
approaches produce large concentrations of electrochemically detectable metal
ions for measurement by stripping analysis. For example, Ag-deposition provided
a 0.5 ng mL™" (22 pM) DL for cardiac troponin I [54]. Multiple gold nanoparti-
cles have been attached to larger Au spheres and used for Ag-deposition
enhancement [38]. Magnetic particles have been equipped with CdS quantum dots
(Qdots), then collected magnetically and dissolved for electrochemical stripping
detection of Cd, which can be further enhanced by Cd-deposition [38].
Ag-deposition was used in high sensitivity conductivity immunoassays of human
IgG in buffer [55]. Other multilabel strategies include loading Ab,-nanoparticles or
Ab,-polymer beads with electroactive labels such as ferrocene derivatives, and
releasing these labels for electrochemical detection [38, 39, 42].

Multiplexed protein detection using the above approaches has also been
developed [38]. One approach is to use “bar code” labeling secondary antibodies
with distinct nanoparticles with easily detectable electrochemical characteristics,
e.g. different dissolvable metals or quantum dots (Qdots) that can be dissolved to
give ions with different reduction potentials.

For example, zinc sulfide, copper sulfide, cadmium sulfide, and lead sulfide
Qdots were attached to four different secondary antibodies to detect four different
proteins [56]. The four different Qdots were dissolved to yield four different metal
ions, each associated with a different protein. These were measured by stripping
voltammetry after dissolution of the particles following the binding steps. Multiple
metal striped rods, spheres or alloy rods were also used for multiplexing. The rods
were capped with a gold end for attachment to Ab,. Upon dissolution, these
materials give a series of metal stripping peaks whose peak potentials and relative
intensities are associated with individual analyte proteins [38]. Such “bar code”
labels have the potential to determine many proteins in patient samples, but this
has yet to be reported.

Label-free impedance immunosensors have been developed, but in general
these methods may require additional amplification to improve sensitivity [57, 58].
Nevertheless, a capacitance method using a ferri/ferrocyanide probe and a
potentiostatic step approach gave DL 10 pg mL ™" (500 fM) for IL-6 in buffer [59].
Optimization of experimental protocols in flow injection impedance spectroscopy
led to sensitivity in the low aM range for interferon-y in buffer [60]. Sensitivities
have been enhanced using metal nanoparticle labels or AuNP labels that catalyze
subsequent Ag deposition [57]. These methods may be promising for future point-
of-care applications if NSB from non-analyte proteins in the patient samples can
be minimized.



8 J. F. Rusling et al.
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Fig. 1.3 Schematic representation of immunosensor protocol using multilabel CNT; a sandwich
type immunosensor for the detection of IgG captured on anti-IgG coated magnetic beads, coupled
to ALP loaded LBL self-assembled CNT-(PDDA/ALP)4-PDDA/PSS-Ab2 molecular tag;
b Enzymatic reaction; ¢ Electrochemical detection of the enzymatic reaction product, a-naphthol
at the CNT modified glassy carbon electrode

1.3.3 Coupling Nanostructured Surfaces with Multilabel
Enzyme Detection

Multi-enzyme labeled nanoparticles were first used by Wang et al. for ultrasen-
sitive detection of DNA and proteins [61]. Multiwall carbon nanotubes (MWCNT)
were derivatized with thousands of alkaline phosphatase enzymes and secondary
antibodies, and used to achieve fM detection of proteins in buffer. MWCNTs also
preconcentrated the enzyme reaction product a-napthol by adsorption. Layer-by-
layer (LbL) film deposition of alkaline phosphatase (ALP) with oppositely charged
polyions on MWCNTs was used to make detection particles and achieve a DL of
~70 aM for IgG in buffer[62] (Fig. 3). The sandwich immunoassay involved Ab;
on 1 pm magnetic beads, to capture IgG and then a specially designed biocon-
jugate CNT-(PDDA/ALP)4-PDDA-PSS-Ab, particle was made. The electrical
signal is generated via biocatalytic reaction of alkaline phosphatase (ALP) in the
ALP/LBL/CNT nanoparticle by incubation with naphthyl phosphate. This sub-
strate is converted to a-naphthol, which is detected using a CNT modified glassy
carbon electrode. The DL was 2,000 protein molecules (67 aM).

In an alternative approach, a DNA bio-barcode was used for amplified elec-
trochemical detection and coding of proteins [63]. This method employed the
oxidation signal from guanine (G) and adenine (A) nucleobases, and included the
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Fig. 1.4 Atomic force microscope images of immunosensor platforms: a SWCNT forest on
silicon; b SWCNT forest coated with chemically attached antibodies; ¢ a PDDA/gold
nanoparticle (AuNP) bilayer on smooth mica; d phase contrast image of the same PDDA/
AuNP bilayer; e anti-PSA antibodies attached onto carboxylate groups of the AuNP/PDDA
bilayer.Reproduced with permission from reference 68 (a, b), copyright Royal Society of
Chemistry, 2005, and reference 46 (c—a), copyright American Chemical Society 2009.

ability to create oligonucleotide-identifiable bar codes. The sandwich immunoas-
say was based on two antibodies linked to magnetic beads and DNA-functional-
ized polystyrene (PS) spheres, followed by the alkaline release of DNA bases that
were detected to give DL 2 pg mL™~" (13 fM) for mouse IgG. This DNA-based
electrochemical method offers promise for the detection of multiple proteins by
using identifiable oligonucleotide barcodes in electrochemical immunoassays.
Initial assessment of this electrical coding strategy was done using a dG;sAjq
pre-designed oligonucleotide labels that gave distinguishable signals for G and A
at different potentials.

Our research team first exploited multi-enzyme labeled nanoparticles in
immunosensors for PSA, IL-6, and other prostate cancer biomarkers [2, 10, 38, 43,
64-67] Sensitivity and detection limits were further improved by using nano-
structured electrodes featuring densely packed films of oxidatively shortened,
upright single wall carbon nanotube (SWCNT) forests [10, 65, 68] or 5 nm
glutathione-decorated gold nanoparticles [46]. Both of these surfaces feature large
populations of carboxylate groups ready for attachment of large amounts of
capture antibodies by amidization[44] AFM images of the films residing on the
sensor surfaces illustrate their large surface areas (Fig. 1.4).
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Fig. 1.5 PSA sensor response at —=0.3 V and 3000 rpm for human serum samples and PSA
standards in calf serum (ng mL! labeled on curves, dashed lines). SWCNT forest immunosensors
were incubated with 10 mL serum for 1.25 h followed by 10 pL 4 pmol mL™" anti-PSA-HRP in
2% BSA and 0.05% Tween-20 for 1.25 h: a current after placing electrodes in buffer containing 1
mM hydroquinone mediator, then injecting H,O, to 0.4 mM. Dashed lines are standards in calf
serum; solid lines are human serum samples; b Correlations of SWNT immunosensor results for
human serum samples found by using direct comparison to a calibration curve ((J) and by
standard addition (@) against results from ELISA determination (RSD +10%) for the same
samples. Equations shown were found by linear regression. Reproduced with permission from
[65], copyright American Chemical Society 2006.

Nanostructured sensors coated with SWCNT forests and AuNP films were used to
fabricate sandwich immunoassays for prostate cancer biomarker PSA [10, 43, 46, 64].
As in Fig. 1.2a, conventional secondary antibodies (Ab,) conjugated with enzyme
label HRP were used, as well as carbon nanotubes (CNT) or magnetic particles con-
jugated with Ab, (Fig. 1.2c,g). These heavily labeled detection particles [69] can
replace singly-labeled HRP-Ab, in immunoassays to greatly enhance sensitivity.

Rotating disk amperometry was used to measure these immunosensor responses
using H,O, to activate HRPFe to a ferryloxyHRP form (HRPFeIV = 0), and
hydroquinone (HQ) to mediate the reduction of HRPEe!Y = O (Scheme 1.1). The
sensor response is a steady state amperometric current proportional to protein
concentration (see Fig. 1.5a).

SWCNT forest immunosensor responses to PSA in calf serum gave a DL as 3X
the noise above the zero PSA control of 4 pg mL ™" (150 fM) using CNTs labeled
with multiple HRPs and secondary antibodies for detection [68]. SWCNT forests
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Fig. 1.6 Correlation plots of SWNT immunoarray results for human serum samples against
results from ELISA determinations for the same samples (a) PSA, (b) PSMA, (c) PF-4, (d) IL-6.
Reproduced with permission from [70], copyright American Chemical Society 2006

provided a significant gain in sensitivity over immunosensors without nanotubes
because they provide 10-15-fold increase in the number of surface antibodies
compared to a flat immunosensor [44]. These sensors gave excellent correlation
with ELISA for prostate cancer patient serum using two alternate methods of
standardization (Fig. 1.5). These data also demonstrate the efficacy of calf serum
as a surrogate for immunosensor standardization in the analysis of human serum
samples. The SWCNT sensors were also used to measure attogram PSA levels in
cancer cells laser microdissected from prostate tissue. A similar approach was used
to obtain a 0.5 pg mL™~" DL for IL-6 released from cancer cells into conditioned
cell growth media [67].

A 4-electrode SWCNT forest array was used to detect prostate cancer
biomarkers PSA, IL-6, platelet factor-4 (PF-4), and prostate specific membrane
antigen (PSMA) in the serum of prostate cancer patients and cancer-free controls.
High accuracy was confirmed by excellent correlation with results from individual
ELISAs giving slopes of correlation plots close to 1.0 and intercepts near zero for
all proteins (Fig. 6) [70].

Later, we fabricated AuNP electrodes by depositing a dense layer of 5 nm
glutathione-decorated AuNPs onto a 0.5 nm polycation layer onto PG. Excellent
sensitivity and DLs were achieved by using 1 pm magnetic bead-Ab,-HRP bio-
conjugates with ~7500 HRPs per bead (see Fig. 2 g) [46]. Combining these
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Fig. 1.7 Amperometric responses for AuNP immunosensors at —=0.3 V and 3000 rpm in buffer
containing 1 mM hydroquinone after injecting 0.04 mM H202 to develop the signal (a) using
Ab2-magnetic bead-HRP with 7500 labels/bead at PSA concentrations shown. Controls:
a Immunosensors built on bare PG at 10 pg mL-1 PSA (b) Immunosensors built on PDDA coated
PG surface at 10 pg mL-1 PSA; b Influence of PSA concentration on steady state current for
AuNP immunosensor using multi-label Ab,-Magnetic bead-HRP. Reproduced with permission
from [46], copyright American Chemical Society 2009

multiply-labeled magnetic beads with the AuNP sensors (Fig. 1.7) gave a DL of
0.5 pg mL™" (20 fM) for PSA. This was eightfold better and sensitivity was
fourfold better than SWCNT forest immunosensors. Controls (a) and (b) in Fig. 7
show that AuNPs also provided enhanced sensitivity over flat immunosensors
without AuNPs. Both SWCNT forest and AuNP immunosensors gave excellent
correlations with ELISA for PSA in cancer patient serum [46, 68].

We also reported a AuNP immunosensor for detection of IL-6 with a DL of
10 pg mL™" in calf serum without using labeled magnetic particles [71]. A
comparison under the same assay conditions using human IL-6 cancer biomarker
in calf serum revealed that the AuNP immunosensor offers a threefold better
detection limit than SWCNT forest immunosensors. In another strategy we used
0.5 pm multi-labeled polymeric beads (polybeads—HRP-Ab,) to achieve a DL of
10 pg mL™" for MMP-3 [72] in calf serum.

Our most sensitive immunosensor to date is based on the glutathione-protected
gold nanoparticle (GSH-AuNP) platform coupled to massively labeled paramag-
netic particles (~500,000 HRPs, see Fig. 1.8) for amperometric detection of
cancer biomarker interleukin 8 (IL-8). The DL was an unprecedented 1 fg mL ™"
(100 aM) for IL-8, the lowest protein level yet detected in serum [73]. Accuracy
was demonstrated by good correlations with ELISA for determining
IL-8 in conditioned growth media from a series of head and neck squamous cell
carcinoma (HNSCC) cells. Our detection limit (DL) is similar to that of a DNA
barcode method that used PCR amplification before detection to achieve a DL of
1 fg mL™" (30 aM) in goat serum [74].
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Fig. 1.8 Illustration of detection principles of AuNP immunosensors using a massively labeled
strategy. The sensor surface after protein capture is shown on the left at the center. On the bottom
left is a tapping mode atomic force microscope image of the AuNP film immunosensor platform.
Picture (a) on the right shows the immunosensor after treating with biotinylated Ab2 followed by
streptavidin modified HRP resulting in HRP-Ab, providing 14-16 label per binding event. Picture
(b) on the right shows the immunosensor after treating with massively labeled Ab,-MB-HRP
particles to obtain amplification by providing ~ 500,000 enzyme labels per binding event

Other researchers have followed related strategies as described above for
detection of IL-6. For example, Wang et. al. [75] reported an amperometric
immunosensor to detect interleukin-6 (IL-6) using a AuNP-Poly-dopamine sensor
platform and multienzyme-antibody functionalized AuNPs on carbon nanotubes.
They obtained a DL of 1 pg mL~" for IL-6 in buffer. Du et. al. [76] used AuNP-
modified screen printed carbon electrode to detect p53 phosphorylated at Ser392
(phospho-p53*°?) along with multi-enzyme labeled graphene oxide (GO).

1.3.4 Coupling Nanostructured Surfaces
with Electrochemiluminescence (ECL)

Electrochemiluminescence (ECL) is an electrode-driven luminescence process
where light emission is initiated by a redox reaction occurring at an electrode, and
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as such provides luminescence without a light source. Mechanisms, advantages
and applications of ECL have been widely reviewed [1, 2]. ECL has grown in
importance as a detection method for many types of biomarkers [77-85] and is the
basis of several bead-based commercial protein detection instruments [86, 87].

Measurement of proteins using ECL labels is often done using particle-
dependent immunoassays [79]. ECL signals proportional to protein concentrations
are produced in the presence of an electrolyte solution containing a redox core-
actant and measured by a charge-coupled device (CCD) camera or a photomul-
tiplier tube (PMT). This approach can be used in various types of sandwich assays.
For example, secondary antibodies linked with ECL labels [e.g., Ru(bpy)3*] can be
immobilized on a particle to capture the analyte protein, then collected by capture
antibodies on an electrode. Alternatively, capture-antibody-magnetic beads with
streptavidin attached can bind to the protein, and then recruit a biotinylated
monoclonal antibody labeled with Ru(bpy)3*. After NSB blocking the magnetic
particles are magnetically captured onto an electrode for ECL measurement using
a suitable co-reactant [88].

Selected small molecules, ions [89-94] or enzymes [95-98] can be used as
coreactants. For example, acetylcholinesterase was utilized as coreactant to detect
tumor necrosis factor-o (TNF-o) on a gold electrode to achieve a DL of
~3 pgmL~" [96]. In another study S,03~ was used as coreactant to detect
carcinoembryonic antigen (CEA) with a DL of 0.03 pg mL ™' [94]. When potential
was scanned in a negative direction, CdSe—CdS nanoparticles immobilized on the
electrode were reduced to CdSe—CdS—". The reduced form of S,03~ (SOjz") further
reacted with the CdSe~CdS-"° to provide excited state (CdSe~CdS*) that generated
ECL. Detection of CEA was based on steric hindrance due to formation of the
immunocomplex, which inhibited the transfer of electrons and S,0% to the elec-
trode surface leading to a decrease in ECL intensity.

Tripropylamine (TPrA) is a commonly used coreactant for Ru(bpy)3* labels
since the Ru(bpy);*/TPrA ECL system provides high sensitivity [79, 82]. This
system has been used to detect cancer biomarkers such as PSA, cancer antigen 125
(CA-125, ovarian cancer), P53 protein, and others [88-91, 93]. ECL emission from
the Ru(bpy)3*/TPrA system as a function of applied potential consists of two
complex redox pathways that provide ECL emission from the excited state
Ru(bpy)3+* [77, 79, 82].

A particularly useful ECL pathway for detecting low concentrations of proteins
by immunosensors is initiated by oxidation at 0.9 V vs SCE of the sacrificial
reductant TprA, whose products react in a complex pathway with Ru(bpy)3* to
yield Ru(bpy)3™*. We developed an immunosensor on a SWCNT forest platform
for PSA in serum utilizing this approach with Ru(bpy)3*-silica nanoparticles
attached to secondary antibodies (RuBPY-silica-Ab,) as labels [99]. Addition of
surfactants increases the hydrophobicity of the sensor surface via an adsorbed
surfactant layer, which facilitates oxidation of TprA [100]. Including Triton X-100
and Tween 20 in the electrolyte solution containing TPrA improved PSA sensi-
tivity tenfold compared to TprA in surfactant-free solutions [99]. Surface
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Fig. 1.9 System for ECL immunoarray: a discrete wells in red on a 1 x 1 in. pyrolytic graphite
chip (on left, black). SWCNT forests are surrounded by hydrophobic polymer (white) to make
microwells on the chip. Wells have SWCNT forests in their bottoms decorated with primary
antibodies. Wells are filled with sample solutions and incubated to capture the analyte proteins.
After washing, RuBPY-silica nanoparticles with cognate secondary antibodies are added and bind
to the captured protein analytes. Appropriate washing with blocking buffers minimizes non-
specific binding. b The chip is placed in an open top electrochemical cell, 0.95 V vs. SCE is
applied, and ECL is measured with a CCD camera

hydrophobicity prevents deprotonation of TPrA cationic radical formed by oxi-
dation of TprA to promote increased ECL.

We utilized these considerations to design an ECL immunosensor array on a
1 x 1 in. pyrolytic graphite chip (Fig. 1.9) [101]. The array featured SWCNT
forests self-assembled in the bottoms of 10 pL wells made by painted-on polymer
walls, which can be visualized by AFM (Fig. 1.10). RuBPY-silica-Ab, (100 nm
dia.) nanoparticles with antibodies to both PSA and IL-6 attached were used for
detection. Antibodies on SWCNTs in the wells capture analyte proteins from 5 pL.
of sample. The RuBPY-silica-Ab, particles are then added to bind to the proteins
captured on the arrays. After appropriate NSB blocking, detection is initiated by
electrochemical oxidation of tripropylamine (TprA), which generates emission of
ECL from [Ru(bpy);]** in the nanoparticles. ECL is measured with a CCD camera
with array chip in an open top electrochemical cell in a dark box (Fig. 1.9). The
hydrophobic polymer walls confine liquids in the analytical wells to enable
simultaneous assays of different proteins in serum while avoiding cross-contami-
nation (Fig. 1.11a—d). DLs in serum were 1 pg mL ™" for PSA and 0.25 pg mL™"
for IL-6 [101]. Array measurements of these biomarker proteins in prostate cancer
patient serum gave good correlations with single-protein ELISAs (Fig. 1.11e, f).

Amplification with other nanoparticles as ECL labels has also been demon-
strated [102-108]. CdSe nanocrystals (NCs) and Qdots have been used for
immunoassays. For example, an ECL immunosensor was constructed by immo-
bilizing CdS Qdots and capture antibodies on a poly(diallyldimethylammonium
chloride)-functionalized CNT-modified (PDDA/CNTs) electrode to detect
a-fetoprotein [98] A bio-bar-code probe labeled antibody was designed by con-
jugation of hemin and a single-stranded guanine-rich oligonucleotide to the anti-
body on gold nanoparticles. The bio-bar-coded probe was captured on the
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Fig. 1.10 Microscopy of microwell arrays: a Optical micrograph of 4 spots on a pyrolytic
graphite array showing the light green hydrophobic polymer wall surrounding SWCNT forest
spots. The inset shows a single SWCNT well surrounded by hydrophobic polymer. (b to d) are
tapping mode atomic force microscope images of films on mica: b dense SWCNT forest in the
bottom of an analytical well; ¢ view showing the polymer wall and the adjacent SWCNT forest;
d SWCNT forest in the bottom of a microwell after covalent linkage of 2 nmol mL™" anti-PSA
antibody in pH 7.0 PBS buffer + 0.05% Tween-20 followed by washing with PBS buffer.
Reproduced with permission from ref. [101], copyright American Chemical Society 2011

immunosensor surface. The a-fetoprotein was detected with a linear range of
0.01 pg mL™" to 1 ng mL™". In another study an ECL-based immunoassay was
developed combining CdTe Qdots with ultra-thin nanoporous gold leaf electrodes
[109] using SZO§' as coreactant, to provide a DL of 0.01 mg mL~! for CEA [92].

1.4 Nanostructured Protein Sensors in Microfluidic Arrays

Microfluidics coupled to bioanalytical devices has the potential to improve
multiplexing and signal/noise, consume less expensive reagents and provide a degree
of automation. In this section, we briefly summarize recent efforts to couple
microfluidics to nanoparticle-based protein immunoassays for multiplexed
biomarker detection. A recent example involves a 16-sensor electrochemical chip
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Fig. 1.11 Microwell array ECL images showing detection of PSA and IL-6 in mixtures in calf
serum, obtained at 0.95 V vs Ag/AgCl using 0.05% Tween 20 + 0.05% Triton-X 100 + 100 mM
TprA, pH 7.5. RuBPY-silica nanoparticles were used with antibodies attached for both proteins:
a (1) 5 ng mL-1 PSA, (2) 1 ng mL-1 IL-6:, b (1) 0.4 ng mL-1 PSA, (2) 0.2 ng mL-1 IL-6,
(c) (1) 40 pg mL-1 PSA, (2) 20 pg mL-1 IL-6, and (d) (1) 1 pg mL-1 PSA, 2) 0.25 pg mL-1 IL-6.
In all images, controls are indicated by duplicate spots (3) 0 pg mL-1 IL-6, and (4) 0 pg mL-1
PSA. E and F are comparison of ECL array determinations of PSA and IL-6 in patient serum with
individual ELISAs: e IL-6; f PSA. Samples 1 to 4 from prostate cancer patients; samples 5 and 6
were from cancer-free patients. Reproduced with permission from ref. [101] copyright American
Chemical Society 2011

using sensors coated with a DNA dendrimer/conducting polymer film decorated with
capture antibodies that gave high sensitivity [110]. Oral cancer protein markers IL.-8
and IL-1b as well as the RNA biomarker IL-8mRNA were measured using HRP-
labeled secondary antibodies for detection. DLs in buffer of 100-200 fg mL ™" were
obtained for the proteins and a DL of 10 aM was achieved for IL-8 mRNA. Poorer
DLs were found in human saliva, i.e. 4 fM IL-SmRNA and 7.4 pg mL ™" IL-8 [111].
Statistical performance evaluation using assays data from saliva of oral cancer
patients predicted 90 % clinical sensitivity and specificity for tests involving IL-8
mRNA and IL-8.

We recently coupled nanoparticle-based sensors on an 8-biosensor array with
off-line protein capture into a simple microfluidic system (Fig. 1.12) [112]. This
microfluidic immunoassay system features AuNP sensor electrodes built on a
screen-printed carbon platform inserted into a molded 70 pl. PDMS channel
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Fig. 1.12 Microfluidic system consisting of pump, injector valve, and insertable 8-electrode
arrays in a 70 uL PDMS channel. a and b are views of a gold array featuring 1 pL. microwells
fabricated from a gold CD by computer template printing and etching. ¢ is a screen-printed
carbon array (Kanichi Ltd., UK) that has been coated with 5 nm gold nanoparticles

enclosed in hard plastic and equipped with a pump and injector valve. We used this
system with off-line protein capture by magnetic particles linked to secondary
antibodies and 200,000 HRP labels to achieve sub pg mL~"' DLs for proteins in
serum. Additional features include multiplexing, speed (~ 1 h/assay), and low cost.

Figure 1.13 shows calibration data obtained for the simultaneous detection of
PSA and IL-6 in diluted serum using the microfluidic system in Fig. 1.12. The
assay begins with off-line capture of the proteins by the labeled magnetic particles,
after which the particles are magnetically separated and washed. The injector
sample valve is used to inject these particles into the detection chamber, and flow
is stopped for 15 min. The particles that have captured analyte proteins bind to the
capture antibodies on the sensors. Flow is resumed, NSB is minimized by blocking
agents, and a mixture of H>O, and hydroquinone is injected to develop the signal
(Scheme 1.1). The device gives peaks with excellent signal/noise in the sub-
pg mL™" range [112] (Fig. 1.13). Excellent dynamic ranges and DLs of
~0.2 pg mL™" were obtained for both proteins in mixtures. The screen-printed
electrode chips are used once, then discarded, and a new chip is inserted into the
device for the subsequent assay.

While the screen-printed sensor chips we use are inexpensive (Kanichi,
UK, ~$10 ea.), we are also exploring alternative methodologies to make chips that
can be interfaced with the microfluidic system in Fig. 1.12. For example, ink-jet
printing was used to print 8-electrode arrays from gold nanoparticle ink onto Kapton
plastic at a cost of about $0.2/chip [113]. We also made gold arrays from gold
compact discs (CDs) featuring microwells around the sensor electrodes (Fig. 1.12,
on right) [114]. The gold CD sensor arrays were fabricated at a similar cost in
materials by thermal transfer of laser jet toner from computer-printed patterns and
selective chemical etching. The resulting sensor surfaces retain the nm-sized CD
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Fig. 1.13 Calibration of 8-sensor microfluidic array with off-line analyte capture by multilabel
HRP-MP-Ab2 patrticles using 200,000 HRP labels/particle for PSA and IL-6 mixtures in serum.
Signals developed by injecting 1 mM hydroquinone mediator + 100 M hydrogen peroxide as
enzyme activator. ¢ Simultaneous determinations by the array compared to individual ELISAs for
PSA and IL-6 in patient serum: 1-4 are from prostate cancer patients; 5 is a cancer-free control.
Reproduced with permission from ref. 112 copyright Elsevier, 2011

grooves (Fig. 1.14). These arrays were integrated into the microfluidic device for
electrochemical detection of interleukin-6 (IL-6) in diluted serum. Capture anti-
bodies were attached onto the sensors, and a biotinylated detection antibody attached
to polymerized HRP (polyHRP) was used for signal amplification. DL for IL-6 in
diluted serum was 10 fg mL™"' (385 aM). These easily fabricated, ultrasensitive
immunoarrays have some advantages over our previous screen-printed varieties.
They achieved excellent sensitivity without inclusion of gold nanoparticle films or
use of off-line protein capture. This decreases the length of the assay protocol, and
also avoids synthesis and characterization of MP bioconjugates.

1.5 Conclusions and Future Perspectives

This chapter summarizes recent progress in development of ultrasensitive elec-
trochemical devices to measure cancer biomarker proteins. The emphasis is on the
use of nanoparticles and nanostructured sensors aimed for use in clinical cancer
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Fig. 1.14 Arrays made from gold CDs. Tapping mode AFM images of (a) exposed bare gold
CD-R surface (b) Anti IL-6 capture antibody attached to the gold CD-R surface. ¢ Amplification
strategy using streptavidin poly-HRP. The streptavidin poly-HRP attaches to biotinylated anti-
human IL-6 detection antibody bound to IL-6 on the sensor before the measurement step.
Reproduced with permission from Ref. [114] copyright Royal Society of Chemistry, 2011

diagnostics, and focuses largely on work from our own laboratory. Low cost,
reliable multiplexed protein detection devices have great promise for future cancer
diagnostics since current clinical practice often involves single biomarkers with low
predictive power, qualitative physical examinations, or biopsies coupled with
pathological identification of the cancer. Certainly, measurement of a reliable panel
of multiple biomarker proteins in blood or saliva would be an enormous advance for
cancer diagnostics, individualized therapy, and lowering of patient stress.

As we have tried to point in this chapter, development of an ultrasensitive
measurement device is only the first step in realizing broad based use of multiple-
protein detection in cancer diagnostics. As illustrated in Figs. 1.5, 1.6, 1.11 and
1.13, an immediate concern is accuracy in the sample medium to be used in the
diagnostic test. That is, the new device should be tested with real samples against
accurate alternative methods such as ELISA, and good correlations obtained to
ensure accuracy.

The next important issue is the choice of the biomarker protein panel. Reli-
ability of the panels for diagnostics needs to be quantitatively examined by studies
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on large numbers of patient samples to develop panels with a high degree of
reliability. Progress in this area has been relatively slow. However, in the few
studies that have been completed, reliable panels with higher clinical sensitivity
and selectivity seem to be emerging.

In our research, we have demonstrated the power of combining nanostructured
electrodes with multilabel particles or polymers to provide ultrahigh sensitivity,
accuracy, flexibility, and low cost. The advantages of combining multiplexed
immunoassays with microfluidics are realized in semi-automation, lower cost and
reagent consumption, improved speed, and better signal/noise. Further automation
and simplification of microfluidic systems is needed, however, for protein mea-
surement devices to reach POC applications in the clinic.

Finally, we frequently hear criticism of biomarker discovery research for its
slowness in yielding benefits to the clinic [21, 22]. This lag is due partly to the
absence of reliable low cost protein detection devices, partly to stubborn reliance
by some on single new biomarkers when multiple biomarker panels are clearly
needed, and partly to the development time required for basic research to be
technically adapted for the clinic. A case for comparison is the electrochemical
blood glucose sensor, now the method of choice for diabetic patient home use. In
this case, it was already well known that glucose was an important biomarker for
diabetes. Yet it took roughly a decade from the first paper on the mediated elec-
trochemical glucose biosensor [115] to finally make it to market. For cancer
biomarker proteins, we have a number of very low concentration analytes to
measure for each cancer, and we really don’t know exactly which ones are the best
yet. In addition, devices designed to diagnose the most common cancers may be
required to measure up to 100 or more biomarkers. Clearly, there’s a lot of
research and development yet to be done, and its unrealistic to expect that the
entire task can be completed within the next few years. However, simpler devices
designed to diagnose single cancers could appear in shorter periods. As this
chapter documents, significant progress is being made and the payoff in advanced
diagnostic ability is enormous.
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Chapter 2
Nanomaterials for Biosensors
and Implantable Biodevices

Roberto A. S. Luz, Rodrigo M. Iost and Frank N. Crespilho

Abstract The study of biological recognition elements and their specific functions
has enabled the development of a new class of electrochemical modified electrodes
called biosensors. Since the development of the first biosensor almost 50 years ago,
biosensors technology have experienced a considerable growth in terms of appli-
cability and complexity of devices. In the last decade this growth has been accel-
erated due the utilization of electrodes-modified nanostructured materials in order
to increase the power detection of specific molecules. Other important feature can
be associated with the development of new methodologies for biomolecules
immobilization. This includes the utilization of several biological molecules such
as enzymes, nucleotides, antigens, DNA, aminoacids and many others for biosen-
sing. Moreover, the utilization of these biological molecules in conjunction with
nanostructured materials opens the possibility to develop several types of biosen-
sors such as nanostructured and miniaturized devices and implantable biosensors
for real time monitoring. Based on recent strategies focused on nanomaterials for
electrochemical biosensors development, these topics has presented recent meth-
odologies and tools used until nowadays and the prospects for the future in the area.
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2.1 Introduction

There is no doubt that the increase interest for the development of new materials
applicable in electroanalytical techniques has been associated with the necessity of
control specific molecules present in the environment or in more recently efforts,
the human body [1-3]. This includes the possibility to improve the quality of life
by development of efficient electrochemical devices and biodevices [2]. More than
the use electrochemical devices to detect analytes is the challenge to develop more
sensitive and selective electrochemical devices that provide the possibility to
detect small quantities of molecules utilizing efficient transducing elements and
specific recognition materials for biosensing [5—18]. The so called electrochemical
biosensors are based on a specific biological recognition element such as enzymes,
antigens or another biological molecule that interacts directly with a transducer
element [19].

In general, a typical biosensor is composed for five parts (as illustrated in
Fig. 2.1): (1) bioreceptors that bind of specific form to the analyte; (2) an elec-
trochemically active interface where specific biological processes occur giving rise
to a signal; (3) a transducer element that converts the specific biochemical reaction
in an electrical signal that is amplified by a detector circuit using the appropriate
reference; (4) a signal processor (e.g. computer software) for converting the
electronic signal to a meaningful physical parameter describing the process being
investigated and finally, (5) an proper interface to present the results to the human
operator. Currently, the biosensors can be applied to a large variety of samples
including body fluids, food samples, cell cultures and be used to analyze envi-
ronmental samples [20].

The basic principles of electrochemical biosensors are associated with their
capability to detect a specific molecule with high specificity. Also, these charac-
teristics are dictated by a better correlation between the biological component and the
transducing element. Important advances in these aspects has been achieved with
the utilization of several kinds of nanomaterials such as metal nanoparticles [21],
oxide nanoparticles [22], magnetic nanomaterials [23], carbon materials [24, 25] and
metallophthalocyanines [26] to improve electrochemical signal of biocatalytic
events occurred at electrode/electrolyte interface.

Recent advances in bionanoelectrochemistry are being reported about the
enormous impact of nanomaterials when utilized as transducing element in modified
electrodes [27-30]. Since then, thousands of scientific articles exploring the favor-
able association between biomolecules and nanomaterials to improve electrical
signal originated in biochemical reactions have been published. One interesting
example is the use of thin films on electrode surfaces to increase the sensitivity of
sensors and biosensors. This sense, the Langmuir-Blodgett was the pioneering
technique for the fabrication of thin films formed by transferring an amphiphilic
material dispersed at air/water interface to a solid substrate. In particular, the
obtention of thin monolayer films is very attractive for enzymes immobilization,
proteins, nucleic acids and others [31]. Another interesting technique for fabrication
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Fig. 2.1 Components of a typical biosensor

of thin organic films was developed by Decher in the beginning of 90 decade [32-34]
as a simple strategy for fabrication of multilayer films with high control of thickness
at nanoscale level. Instead of specific chemical interactions between substrate and
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organic molecules the layer-by-layer (LBL) technique is based, basically, in
coulombic electrostatic that provides multilayers growth. Such strategy has been
reported as an interesting tool for films fabrication with simplicity, which can be
applied to several kinds of materials likes polyelectrolytes [35], metallophthalocy-
anines [36], carbon nanotubes [37], nanoparticles [38] and also biological molecules
such as enzymes and proteins [39].

In what concerns the fabrication of electrochemical biosensors, it is unques-
tionable the importance of nanostructured materials and their implications in
biosensors properties. Recent efforts have been made in order to use the nano-
structured modified electrodes for monitoring specific biological molecules in vivo
[40]. Also, the possibility to detect a specific molecule in living organisms at real
time has open new paths for controlled of pathogenic diseases and, also, some
analytes such as glucose at the human body [41]. Although these new class of
electrodes opened the possibility to improve electrochemical biosensors perfor-
mance, focus has been made in order to fabricate electrochemical devices at
nanoscale level for single molecule detection [42]. Moreover, one of the main
challenge until nowadays is to detect single events originated by enzymatic
reactions utilizing a unique nanomaterial [43].

In this chapter, we describe the recent trends in the field of electrochemical
biodevices exploring the principal strategies utilized in the last years to improve
signal response of enzymatic biocatalysis and describe briefly the electrochemical
characteristics of several nanomaterials when utilized in modified electrodes. The
fabrication of nanoelectrodes by some techniques is also explored in this chapter.
In addition, we will discuss the many efforts in order to detect specific molecules
in vitro and in vivo and recent advances in the development of implantable
biosensors.

2.2 Nanostructured Thin Films for Biosensing

Nanostructured thin films have opened the possibility to fabricate electrochemical
sensors and biosensors with high power of detection due to intrinsic properties
associated with their dimensions at nanoscale level. These interesting properties
can be explained based on the organization level obtained when molecular
arrangement is obtained at a solid conductor substrate. Also, the materials that can
be used include a large range of organic and inorganic materials for films growth.
Moreover, the possibility to improve the detection limit in biosensing devices can
be also explained by using compatible materials such as natural polymers. The aim
objective behind the utilization of these materials is to combine the high power of
detection with preservation of the structural integrity of the biomolecules and,
also, maintaining their biocatalytic activity.
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2.2.1 Langmuir-Blodgett and Layer-by-Layer Based Biosensors

The field of materials science has opened new possibilities towards the utilization
of organic, inorganic nanostructured materials and hybrids formed by biological
components and nanostructured materials. In parallel, composites has been
develop to confer or improve some specific properties which includes the use of
metallic nanostructures or organic polymers. In particular, nanostructured organic
films has opened a new research area with the aim purpose to obtain interesting
properties at nanoscale. Nanostructured thin films has showed great impact in the
field of electrochemical biosensors in the past few years with a large range of
materials that can be employed in films construction. The study of organic
molecules has arised since from 1960s decade with the discovery of their elec-
tronic properties and potential application in optic and electronic devices [44]. The
major interest behind the utilization of nanostructured thin films for biosensing lies
in the possibility to understand biochemical mechanisms and, at the same time, to
fabricate mimetic systems based on cellular membranes [45]. The role of the
control of depositing monolayers of organic films and their final properties was
first studied by Irving Langmuir and Katherine Blodgett in the beginning of XX
century [46, 47]. This technique of thin films fabrication is based on the
self-organization of amphiphilic molecules at air/water interface in order to
diminish the free surface energy and form a dispersed monolayer. The formation
of organic monolayers is obtained by dropping of a dilute lipid solution at air/
water interface with subsequent solvent evaporation. Also, the more stable
monolayer conformation of Langmuir film formed on air/water interface is
achieved by application of a horizontal and controlled compression throughout the
Langmuir cube. Further, the compression is accomplished by two moves barriers
localized at cube and is accompanied by measurement of certain surface properties
such water surface tension and surface potential. The surface tension of water with
the dispersion of an amphiphilic molecule on water interface can be measure
utilizing Eq. 2.1.

=77 (2.1)

where 7 is the measurement of water surface tension change, 7, is the surface
tension of pure water and 7 is the surface tension of water with the presence of
amphiphilic molecule at air/water interface. Although amphiphilic molecules are
common used due to their self-organization at air-water interface, the dispersion of
organic or inorganic molecules at interface is not considered to be limited to
specific molecules. Moreover the type of substrate functionalization plays an
important role for films formation. According to substrate functionalization, the
monolayers can be transferred by immersion of substrate through the interface
containing the amphiphilic monolayer. Consequently, the transfer of monolayers
to the substrate is carried out by successive dipping the substrate in the cube. Also,
the interaction during the substrate dipping is based on monolayers functionali-
zation and the Langmuir films with X, Y and Z-type can be obtained [44]. One of
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Fig. 2.2 a Schema for a
Langmuir Monolayer
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the major and interesting advantage is the possibility to control thickness and
roughness by adsorption of multilayer films onto solid substrates. Figure 2.2 shows
a schematic representation of a) Langmuir cube and b) the type of monolayer
deposition according to the substrate functionalization and molecules used for
films fabrication.

In the field of electrochemical biosensors, the utilization of biomolecules such
as antibodies, DNA, enzymes or another kind of proteins adhered to Langmuir—
Blodgett films confer specificity to the system [48-50]. Concerned the develop-
ment of modified electrodes for enzymes immobilization, Langmuir—Blodgett
films has been considered an important path for biosensors fabrication and many
kinds of arquitectures has been reported in the last decades as very promissing
approaches for biosensors development. Examples of biosensors development
using LB method has been extensively reported on literature for application in
several biosensing approaches [51, 52].

Several examples are reported about the determination of glucose using LB
method as mimetic membrane platform for enzyme glucose oxidase (GOx)
immobilization [18]. As an example, Sun and co-workers [53] reported the
utilization of LB films for GOx immobilization utilizing cross-linking agents to
improve biological process when enzyme was immobilized at monolayer surface.
On another approach, Ohnuki and co-workers [54] reported the use of Langmuir
films consisting of octadecyltrimethylammonium (ODTA) and Prussian blue
(PB) clusters as platforms for enzyme GOx immobilization. The immobilization
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Fig. 2.3 a Scheme of LB films preparation containing ODTA, PB, and GOx. b Amperometric
response obtained at 0.0 V in a buffer solution at pH 7.0 with ODTA/PB/GOx LB films (6 layers)
deposited on a gold electrode. The arrows show the moment of glucose solution injection whose
amount corresponds to an increase of 1 mmol L™ glucose concentration. Reproduced with kind
permission of Ref. [54]

of enzyme GOx was confirmed by FTIR spectra before and after enzyme
immobilization with ODTA/PB Langmuir films. The configuration exhibited
shows a good amperometric response upon glucose addition with the utilization
of 6 layers, electrochemical increase process associated with the presence of PB
electrocatalyst. Figure 2.3 shows a schematic representation of ODTA/PB
Langmuir films and the amperometric response obtained at 0.0 V (Ag/AgCl).
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It is unquestionable that the exploration of self-assembly methodologies has
opened new ways for the development of more selective and sensitive electro-
chemical devices and so on the LB method has provided the fabrication of
interesting approaches for biosensors development. Although LB is an interesting
route for thin films obtention with high quality, it requires especial experimental
conditions and equipments for films growth. The experimental approach to pro-
duce organic thin organic films was extended with the utilization of organic
polyelectrolytes by Decher [32-34] in the beginning of 90 decade which the
principle of growth were based in the auto-organized molecules primarily by
coulombic electrostatic adsorption process between polyelectrolytes with oppo-
sitely charges. This method for multilayer films obtention is basically described by
immersing a conducting substrate alternatively on cationic and anionic polyelec-
trolyte during a specific time which is washing on solvent solution to remove the
excess between each step of adsorption (Fig. 2.4).

One important point about the formation of organic bilayers is the films stability
achieved in the association of multilayers due to films growth. The energy of
coulombic association is very low when each interaction of ions pairs is availed.
However, the global association along polyelectrolyte interaction provides a high
stability between polyelectrolytes chain [55]. The explanation for the association
between polyelectrolyte multilayers were described utilizing the concept of extrinsic
and intrinsic charges compensation when the association of two polyelectrolytes
with opposite charges interacts [56]. The intrinsic charge compensation is described
by the charge association of polyelectrolytes chains and is the basic explanation for
the multilayers formation. At the same time, the charge balance of counter ions or the
balance of extrinsic charges occurred with the polyelectrolyte chains during the
formation of multilayers. For this purpose, some works described the polyelectrolyte
association in terms of doping salt and the thermodynamic constant kg, of extrinsic
charge association, represented by Eq. 2.2 [57].

2 2
Kigp = —2——~ 2 (2.2)

(1 = y)aj, - i
where y is the compensated fraction of polyelectrolyte charge and ay4 is the
activity association between cation and anion. Much more details about the
multilayers formation was described by several studies with the model of multi-
layers interpenetration between adjacent monolayers [58]. Jomaa and co-workers
[59] utilized neutron reflectivity studies with interdispersed layers of deuterated
poly(styrenesulfonate) (PSS) and poly(diallyldimethylammonium) (PDAC) to
describe the formation of multilayer films. The exploration of films growth has
also been described on literature by controlling several experimental conditions
such as pH, concentration of salt or ionic strength, concentration of polyelectro-
lytes, temperature of the system, the solvent utilized, time of deposition, the nature
of substrate and so on [58]. Also, the high control of film properties such as
roughness, thickness and films stability can be obtained by controlling these
conditions and plays an important role for the quality and stability of multilayers
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Fig. 2.4 a Schematic of the film deposition process using slides and beakers. Steps 1 and 3
represent the adsorption of a polyanion and polycation, respectively, and steps 2 and 4 are
washing steps. The four steps are the basic buildup sequence for the simplest film architecture (A/
B),.. The construction of more complex film architectures requires only additional beakers and a
different deposition sequence. b Simplified molecular picture of the first two adsorption steps,
depicting film deposition starting with a positively charged substrate. Counterions are omitted for
clarity. The polyion conformation and layer interpenetration are an idealization of the surface
charge reversal with each adsorption step. ¢ Chemical structures of two typical polyions, the
sodium salt of poly(styrene sulfonate) and poly(allylamine hydrochloride). Reproduced with kind
permission of Ref. [32]

achieved. Besides the possibility to obtain thin organic platforms with experi-
mental simplicity compared to other techniques, LBL method has the advantage to
incorporate a large range of materials in films fabrication that includes organic and
inorganic materials, hybrids formed by materials at nanoscale and biological
components. Regards the applicability of thin films for biosensing devices, the
incorporation of biomolecules as components for films growth was described by
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Lvov and co-workers [60] in the formation of self-organized multilayer films of
proteins and polyelectrolytes of mioglobin (Mb) and PSS and by enzyme GOx and
poly(ethylene imine) (PEI). Several other works reported the utilization of LBL
method for biomolecules immobilization focused on biosensing applications. One
important question is about the interaction study of nanomaterials and such
biological molecules and their impact on biological process when biomolecules are
exposed outer their natural environment [61]. The principal question is about the
changes in molecular structure whose reflect directly on their biological properties.
Moreover, the biological properties reflect directly on biosensors quantification
and their capability to respond to a specific molecule. This properties has been
achieved with the development and utilization of nanostructured thin films that can
be acts as platforms for biomolecules immobilization [36, 62]. The next topic will
emphasize the utilization of these hybrid functional materials and their capability
to be used as transducer elements in biosensing devices.

2.3 Nanostructured Materials for Biosensing Devices

Nanostructured materials are well known as interesting tools with specific physical
and chemical properties due to quantum-size effects and large surface area that
provides unique and different properties compared to bulk materials. The exploration
of these different characteristics provides the possibility to improve biosensors
properties and increase the power of detection throughout size and morphology
control. Interesting approaches has reported about the high increase in electronic
properties when metallic nanostructures are used as components for electrodes
modification. These includes the utilization of nanostructured materials with specific
forms such 0D (quantum dots, nanoparticles), 1D (nanowires or carbon nanotubes) or
2D (metallic platelets or graphene sheets) orientation that reflects in their final
properties. The next topic will be emphasize in biosensors fabrication using metallic
nanoparticles (MNPs) as transducing elements on modified electrodes and some
interesting electrochemical approaches used to improve biosensing performance.

2.3.1 Nanoparticles-Based Biosensors

Metallic nanoparticles are very interesting materials with unique electronic and
electrocatalytic properties which depends on their size and morphology [63, 64].
The efficiency of electronic and electrochemical redox properties becomes these
classes of nanostructured materials very interesting for technological applications.
In particular, gold nanoparticles (AuNPs) are much explored materials as com-
ponents for biosensors development due to the capability to increase electronic
signal when a biological component is maintained in contact with nanostructured
surface. On the other hand, silver, platinum, palladium, cooper, cobalt and others
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has extensively explored in biosensors development [65-69]. In particular, the
exploration of gold nanostructured materials has provided new paths for enzymatic
biosensors development. At the same time, specific organic stabilizers have been
used to produce nanostructured materials with different morphologies. Dendrimers
are known as organic macromolecules with tridimensional and highly defined
structure functionality [70]. The capability of dendrimeric structures to stabilized
and maintains integrity of metallic nanoparticles was reported by Crooks and co-
workers [71]. As an example, polyamidoamine dendrimers (PAMAM) were used
as template for nanoparticles growth or nano reactors with cavities for nanopar-
ticles nucleation. According to functional groups at molecular structure, dendri-
mers has been subject of intense studies in the field of nanostructured thin films
fabrication and also, in the form of hybrids with metallic nanoparticles. An
interesting approach was reported recently utilizing hybrids of PAMAM-AuNPs as
components in multilayer thin films based on LBL technique to enhance charge
transfer in modified electrodes leading to the concept of electroactive nanostruc-
tured membranes (ENM) [72]. In this case, PAMAM-AuNP hybrids were
assembled utilizing LBL technique in multilayers to produce modified electrodes.
The strategy to produce modified substrates is based on self-assembly of polyvi-
nylsulfonate (PVS) as negatively charged polyelectrolyte alternating with the
positively charged PAMAM-AuNP hybrids onto ITO (indium tin oxide) con-
ducting electrodes to obtain ENM. Also, the strategy involved the deposition of a
redox mediator around metallic AuNPs to enhance charge transfer in modified
electrodes (Fig. 2.5).

The capability to increase charge transfer utilizing the LBL approach was
investigated with details by electrochemical impedance spectroscopy (EIS) was
also evaluated using electrodeposition of different redox mediators (ITO-PVS/
PAMAM-AuNP@Me). This approach can be generalized for a wide range of
electrochemical devices, including sensors and biosensors. The enhanced charge
transport on electrodes based on LBL approach was also explored by electrode-
position of Prussian blue redox mediator (PB) on PAMAM-AuNP nanocomposite
[73]. The electrochemical results shows kinetic behavior correlation for cathodic
current peak for AuNPs showed a non-linear response compared to adsorption
time for bilayers formation.

2.3.2 Carbon Materials-Based Biosensors

Carbon materials have received great attention in the last decades with the
emergence of nanoscience area [75]. The utilization of carbon nanomaterials also
possibilities the increase on charge transfer in bioelectrochemical devices. These
includes the modification of electrodes with several kinds of carbon at nanometer
range carbon powder, carbon nanotubes, graphene sheets and carbon capsules
[76-78]. The investigation of electronic properties of carbon nanotubes since their
discovery by lijima and co-workers [79] in 1991 are one of the most reported
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Fig. 2.5 a Schematic fabrication of LbL films comprising PVS and PAMAM-Au. The sequential
deposition of LbL multilayers was carried out by immersing the substrates alternately into
(a) PVS (a) and PAMAM-Au (b) solutions for 5 min per step. After deposition of 3 layers, an
ITO-(PVS/PAMAM-Au); @CoHCF electrode was prepared by potential cycling (¢). The enzyme
immobilization to produce ITO-(PVS/PAMAM-Au); @CoHCF-GOx (d) was carried out in a
solution containing BSA, glutaraldehyde and GOx. b Schematic representation of reaction of
glucose at ITO-(PVS/PAMAM-Au); @CoHCF-GOx electrode. Reprinted with permission from
Ref. [74] Copyright 2007 Elsevier

approaches used to explain their capability to increase the detection limit in
modified electrodes. The intrinsic electronic properties of carbon materials can be
explained based on the nature of carbon bonding in their allotropic forms. Graphite
is the simplest form of carbon—carbon bond with sp® hybridization with weak bond
energy between adjacent layers and ¢ bond with and out of plane of = orbitals.



2 Nanomaterials for Biosensors and Implantable Biodevices 39

Carbon nanotubes (CNT) are formed by a hollow cylinder formed by a unique
carbon sheet forming a single walled carbon nanotube (SWCNT) or concentric
carbon sheets with different diameters forming multiwalled carbon nanotubes
(MWCNT) with carbon—carbon with sp? bonding [75]. The particular cylindrical
form of CNT is the principal aspect that provides the quantum confinement effect
in the oriented 1D nanostructured materials [80]. These characteristics provide the
possibility to increase chemical reactivity and electronic properties of this par-
ticular carbon material, which becomes a crucial point for biosensing devices [75].

The electrochemical properties of CNTs have also been considered an inter-
esting point for biosensors fabrication. Initially, edge-planes sites and defect areas
present on tubes structures has been the focus of intense studies about their
electroactivity. On the other hand, some interesting studies reported about iron
impurity present on CNTs and their influence on electrocatalytic activity [81].
Anodic or cathodic pre-treatments have also been employed principally for
detection of biological systems. Liu and co-workers [82] reported the preparation
of PDDA/GOx/PDDA/CNT-modified glassy carbon electrode self-assembly
nanocomposite for flow injection glucose biosensing applications. The modified
electrodes was obtained through electrostatic adsorption between adjacent bilayers
(LBL method) showing linear response at range of 15 pM to 6 mM and detection
limit of 7 pmol L™ for H,O,. Another interesting approach was reported recently
using nanoarquitectures based on capacitive field effect transistor-modified with
LBL of PAMAM and CNTs as sensing platforms for penicillin G detection [14].
The large surface area provide by incorporation of a organic matrix and the
increased response with CNT incorporation on the modified transistors exhibited
and excellent and faster response upon addition of penicillin on electrolytic media.
The same electrode configuration based on PAMAM/CNT arquitectures has also
provided the improvement of biosensing effects for glucose biosensor ranges from
4.0 pmol L™" to 1.2 mM and limit detection of 2.5 umol L™". Other applica-
tions include the utilization of several other arquitectures (Fig. 2.6a) with inter-
esting electrochemical properties upon immobilization of biomolecules such as
DNA [83] and antigens for immunosensing applications [84]. Li and co-workers
[85] reported the utilization of MWCNT nanoelectrodes highly oriented embedded
on SiO, for ultrasensitive DNA detection. The combine of redox species
Ru(bpy)3* mediated guanine oxidation possibilities detection of small quantities of
redox substances-based immunosensing applications (Fig. 2.6b).

Graphene sheets (GS) have recently attracted much attention in the field for
electrochemical sensing and biosensing areas [86, 87]. The 2D electronic structure
of graphene was investigated in detail in several articles due to their potential
application as components in a large range of electrochemical devices [88]. The
aim advantage of GS is their large surface area when compared to CNTs and
consequently, their electrochemical properties can increase enormous when bio-
logical molecules are immobilized on electrode surface [25]. One interesting
method for synthesis of graphene conductor sheets is based on (chemical, physical
or electrochemical preparation) insulator graphene oxides as precursor to form
graphene conductor structures. Several studies emphasized changes in structural
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Fig. 2.6 a SEM images of (a) 3 x 3 electrode array, (b) array of MWNT bundles on one of the
electrode pads, (c) and (d) array of MWNTs at UV-lithography and e-beam patterned Ni spots,
respectively, (e) and (f) the surface of polished MWNT array electrodes grown on 2 im and 200
nm spots, respectively. Panels (a—d) are 45° perspective views and panels (b—f) are top views.
The scale bars are 200, 50, 2, 5, 2, and 2 im, respectively. (b) (a) The Functionalization Process of
the Amine- Terminated Ferrocene Derivative to CNT Ends by Carbodiimide Chemistry and
(b) the Schematic Mechanism of Ru(bpy)? Mediated Guanine Oxidation [85]




2 Nanomaterials for Biosensors and Implantable Biodevices 41

properties of graphene according to the methodology employed in their fabrication
[89]. Shan and co-workers [90] studied the influence of polyvinylpyrrolidone—
protected graphene/polyethylenimine—functionalized ionic liquid/GOx in modified
electrodes for glucose biosensing. This electrode configuration showed high
electrochemical sensibility and biocompatibility when enzyme GOx was immo-
bilized at electrode surface. These two combined properties of biocompatibility
and improvement of electrochemical sensibility upon addition of H>O, and O, in
electrolytic media shows their potential application in biosensor devices. On
another interesting approach, Kang and co-workers [91] reported about the utili-
zation of nanocomposites based on GS and chitosan (Ch) organic natural polymer
as platforms for glucose sensing. It is well known that Ch is a natural polymer that
provides the ability to improve electrochemical redox process when used in
modified electrodes. Also, this electrochemical approach has been much studied as
promissing methods for enzyme immobilization, as in the case of enzymatic
biosensors development with sensitivity of 37.93 pA mM~' cm ™" at linear range
of 0.08 mmol L™" to 12 mmol L™".

Although carbon-based nanostructured materials are relatively a recent area,
their impact in the field of biosensors development has been arised significantly
in the last decades as interesting approaches for biomolecules study. Such pro-
gress can be attributed to the intense research in nanocomposites development
applicable in electrochemistry devices with unique electronic properties. These
features includes the utilization of different carbon materials such CNT and GS
as platforms for enhance electronic signal between electrode surface and
biomolecules such as oxidoreductases enzymes. Concerning the development of
more sensitive biosensing devices, the crescent use of nanostructured materials
for improve electronic communication of biological materials and electrode
surface plays an important role for detection of small quantities of molecular
substances.

2.4 Miniaturized Devices and Implantable Biosensors

Besides the modification of electrodes surface by nanomaterials, in recent years,
some studies have been done in trying to build biosensors and bioelectronics
devices with nanometric geometry [42, 92], where the individual 1D structures are
applied as working electrodes for current measurements low, typically on the order
of fentoamperes (f) and picoamperes (pA). Several types of electrodes such as
single-walled carbon nanotubes (SWNTs) [93, 94], boron-doped silicon nanowires
(SiNWs) [92] and Sn doped In,O3 nanowires (ITO-NWs) have been shown to be
interesting for building nanodevices [42]. For example, in a pioneer work, Lemay
and co-workers [95] performed electrochemical measurements, on reduced scale
of redox enzymes to study a small amount of molecules. This approach was based
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on lithographically fabricated Au nanoelectrodes with dimensions down to ca.
70 x 70 nm, where was demonstrated successfully for the first time a distinct
catalytic response from less than 50 enzymes ([NiFe]-hydrogenase) molecules.
These results were obtained using cyclic voltammetry in which were observed a
turnover current of 22 fA. However, because of high surface-to-volume ratio and
tunable electron transport properties related to the quantum confinement effect
present in these nanodevices, their electrical properties are strongly influenced by
minor perturbations. This way, when an electrode with nanometer dimensions is
used, various types of noises can affect the measurements and compromise the
interpretation of the results.

Recently, the noise and distortions are the main factors limiting the accuracy of
measurements in devices at low current conditions (sub-pico-Ampere). In exper-
iments using electrodes macro-scale (centimeters, micrometers) problems related
noises can be easily overcome by the use of programs for signal smoothing.
However, for nanoelectrodes, the use of conventional methods of smoothing of
signals can lead to loss of useful information. Thus, many research efforts have
been observed in the development of methodologies capable of minimizing the
effects of external disturbances in the low currents measurements in nanoelec-
trodes. In a pioneering study, Goncalves and co-workers [92] reported the
development of numerical methods for smoothing signal and noise modeling. Like
most of the noise frequency affecting the measurements are known (thermal,
flicker, burst and shot noise) smoothing filters were used to promote a better
visualization of the useful signal. Numerical methods have proven useful for the
treatment of the signal due to its simplicity and speed of processing, allowing the
identification of unwanted signals, changes in control parameters related to the
final quality of the processed signal and quick view of the desired signal [92].

The miniaturization of electrochemical platforms is an important feature in the
development of the new generation of implantable clinical devices for monitoring
metabolites at living organisms [96]. The implantable biosensors are presented as
ideally devices desirable for the diagnosis and management of metabolic diseases
such as, diabetes, which currently is based on data obtained from test strips using
drops of blood. Although widely used, this procedure is unable to reflect the
general situation of the patient and point out trends and patterns associated with
their daily habits. Thus, many studies focused on the development of implantable
biosensors for continuous monitoring of several biologically important metabolites
have been reported in bioelectrochemical area with the purpose to improve human
quality of life and too in recent trends, the capability to generate energy from
biomass fuels [97-99]. Figure 2.7, for example, shows a catheter microchip that
consists of flexible carbon fiber electrodes modified with neutral red redox
mediator (FTCF-NR) being implanted in jugular vein of rat. This system can be
used both to monitor glucose levels and for power generation in biofuel cells
utilizing enzymes and microorganisms.

Despite promising, the reliability of implantable systems is often undermined
by factors like biofouling [100, 101] and foreign body response [102] in addition to
sensor drifts and lack of temporal resolution [103]. To minimize such problems,
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Fig. 2.7 a Photograph of implanted catheter microchips in jugular vein of rat from Rattus
Novergicus species b Chronoamperometry curves in situ without the addition of glucose (black
line) and with addition of glucose (red line)

many researchers have directed their work for the synergism between biosensors
and nantotecnologia which has led to diagnostic devices more reliable [104, 105].

The prospects of implantable devices and in particular the metabolic monitoring
can only be achieved if they can be readily implanted and explanted without the need
for complicated surgery. this sense, for facilitated the implantation, the implantable
device should be extremely small, which calls for miniaturization of various
functional components, such as electrodes, power sources, signal processing units
and sensory elements. This way, miniaturized biosensors can cause less tissue
damage and therefore less inflammation and foreign body response [106].

2.5 Conclusion

Currently, research in the area of biosensing is conducted not only in the con-
struction of miniaturized devices, faster, cheaper and more efficient, but also in the
increasing integration of electronic and biological systems. This way, the future
development of biosensors and devices bioelectronics analysis of highly sensitive
and specific will require the combination multidisciplinary areas like quantum,
chemistry and solid state physics and surface, bioengineering, biology and med-
icine, electrical engineering, among others. Advances in any of these fields will
have significant effects on the future of medical diagnosis and treatment, where the
monitoring continuous diseases, prevention methods and development of more
effective drugs with side effects minimized will benefited by biosensing
technologies.
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Chapter 3
Nanomaterials for Enzyme Biofuel Cells

Serge Cosnier, Alan Le Goff and Michael Holzinger

Abstract This book chapter describes the recent advances in the design of novel
materials for enzymatic fuel cells. Energy conversion using biologic catalysts
became a steady growing research field for supplying nomad or implantable
devices due to the high specifity for the substrates and the high efficiency of redox
enzymes. The constant issue, however, is the electric connection of the enzymatic
redox centre to the electrode to obtain a high efficient biofuel cell. Among many
advantages, nanotechnology have been offering exciting tools to achieve efficient
interfacing between redox enzymes and electrical circuitry, while providing high
active surfaces. We briefly introduce the principles that govern the production of
electrical energy from biofuels using a biofuel cell. We focus our discussion on
nanomaterials that have realized the efficient immobilization and wiring of
enzymes, in particular carbon nanotubes, inorganic and polymer nanoparticles. We
highlight the successfull use of these advanced materials in the engineering of
enzyme electrodes and the design of novel miniaturized biofuel cell setups.

3.1 Introduction

Growing demand for energy in our modern society combined with a medium-term
depletion of fossil fuels and the environmental impact of combustion of fossil
energy, imply to find other modes of energy production. Among the novel sources
of clean energy without greenhouse gas emissions or environmental pollution, the
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Fig. 3.1 Schematic representation of an enzymatic biofuel cell design based on the electrical
connection of a laccase at the cathode and glucose oxidase at the anode

production of energy through electrochemical means such as fuel cells is a global
challenge.

A subcategory within the fuel cell topic concerns biofuel cells. Such investi-
gations occupy a prominent place in global research in transforming chemical
energy into electrical energy by the bio-catalytic reaction of enzymes or living
organisms. Enzymatic biofuel cell design primarily involves the use of redox
enzymes for the oxidation of targeted specific fuels (sugars, alcohols or hydrogen)
at the anode and the reduction of oxidants (O,, H,O,) at the cathode to generate
electrical power (Fig. 3.1). Taking into account that enzymes have high specific
activity and are very selective, the design of enzymatic biofuel cells does not
necessarily require a separation between the bioanode and the biocathode unlike
the configuration of common fuel cells [1-5].

It should also be emphasized the ecological aspects inherent to biofuel cells that
contrarily to fuel cells, require no metal catalysts (platinum, nickel, palladium,
rhodium, iridium, etc.). Indeed, materials, fuels, and products used in the design of
all biofuel cells are biodegradable. Consequently, these biofuel cells are not
subjected to major economic issues related to metal catalyst. Indeed, the increasing
demand for strategic metals and metal alloys by high-tech industries, aerospace or
automotive industry causes a process of depletion of these materials.

The scientific challenge of these enzymatic biofuel cells is to develop devices
with compatible power and size to use them as power sources for portable devices
such as GPS, mobile phone, MP3 players, or mobile computers. A steady increasing
interest within enzymatic biofuel cell design is dedicated to the production of
electrical energy from the electro-enzymatic degradation of glucose and O,. These
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two compounds are present in body fluids (blood or extracellular fluids), and
therefore the main motivation for the development of biofuel cells is focused on
their potential use in the human body as an energy source for implanted medical
devices. In the body, these generators will be fully autonomous and can operate
pacemakers, micro machines, micro-pumps, sensors, etc.

Although the first example of a biofuel cell was described in 1964, this research
topic remained virtually unexplored until the late 90s. Since the early 2000s,
renewed interest has been focused on biofuel cells as evidenced by the exponential
increase of scientific publications devoted to this topic (5, 55 and 265, respectively
in 2000, 2005, 2010). This behavior may be explained by technological barriers
preventing the development of enzymatic biofuel cells where more and more of
such obstacles were circumvented like the commercial availability of a wide range
of purified enzymes, the design of new biomaterials for the immobilization of a high
density of enzymes and their electrical connection. In particular, the technological
advances in the field of biosensors in the years 1990-2000 such as the rapid
development of various procedures of enzyme immobilization as well as the
availability of redox mediators to establish electrical wiring between biomolecules
and the electrode, opened up vast possibilities in the field of enzymatic biofuel cells.

In this context, nanomaterials like redox clays, metallic nanoparticles or nano-
objects such as carbon nanotubes, have played an important role for interfacing
enzymes with electronic circuitry. In particular, these nanomaterials constitute a
versatile tool for the development of three-dimensional biomaterials dedicated to
improve the performance of the bioelectrodes. Moreover, nanomaterials constitute
a new generation of host matrices for biological macromolecules. This may confer
novel multi-functionalities to biocoatings through their own specific properties
(electronic conductivity, magnetism, redox properties, affinity interactions) at the
nanoscale level. In particular, these nanomaterials can establish an electrical
communication with enzymes via their intrinsic conductivity (like carbon nano-
tubes) or via an electron transport to enzymes ensured by electron hopping
between immobilized redox centers. As a consequence, electrodes modified by
nanomaterials have aroused widespread attention in the design of biofuel cells.

3.1.1 Principles of Biofuel Cell Functioning:
Mediated or Direct Electron Transfer

The vast majority of enzyme biofuel cells is based on the electroenzymatic oxidation
of glucose by glucose oxidase (GOX) and oxygen reduction by laccase, rarely,
bilirubin oxidase, or even ascorbate oxidase. Usually two couples of redox mediators
are involved in the functioning of the enzymatic biofuel cell. One is required to
establish an electrical connection between the electrode surface and the reduced form
of flavin adenine dinucleotide, the prosthetic center of GOX. The second couple,
located at the cathode, allows the electron transfer from the electrode surface to the
copper center of laccase where the oxygen reduction takes place (Fig. 3.2).
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Fig. 3.2 Schematic representation of a biofuel cell design based on the electrical connection of a
laccase at the cathode and glucose oxidase at the anode

In nature, electron tranfer within enzymes is realized by one or several
cofactors such as NADH, PQQ, or FAD in case of glucose oxidation, or iron-sulfur
clusters in hygrogenases. When artificially electron transfer to enzymes, immo-
bilized at electrodes is required, two possible routes are mostly applied:

e Mediated electron Transfer (MET).

This implies the immobilization of a natural cofactor of the enzyme or an
articial redox mediator on the electrode. As mentioned before, the redox system
have to be reversible and with high electron transfer rates. The redox potential has
to be as closed as possible to the redox potential of the active site of the enzyme to
maximize the final OCV of the cell.

o Direct Electron Transfer (DET).

Direct electrical wiring of the enzyme to the electrode is established when the
active redox center can directly be regenerated by the electrode. In this case, by
considering different structures of enzymes and its location of the active site inside
the protein, different strategies for their wiring are to evaluate. Indeed, direct
electron tranfer becomes a challenge when the active site is deeply embedded
inside the protein and cannot exchange electrons without the need of redox
mediators.

The power of biofuel cells is directly related to the difference between the
respective redox potentials of the electroenzymatic reactions occurring at each of
the two electrodes; the bioanode for glucose oxidation and the biocathode for the
reduction of oxygen. The cell voltage and hence the power thus depends on the
mode of enzyme wiring and therefore, the direct electron transfer is the most
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attractive strategy. Indeed, redox mediators should have a redox potential close to
the prosthetic site of the enzyme but should provide an efficient driving force.
Consequently, biofuel cells based on mediated reactions should present a lower
open circuit potential than those based on direct electron transfer.

Taking these arguments into account, two important aspects are decisive in the
construction of nanostructured electrodes. Firstly, a nanostructured surface has to
provides a high three-dimensional surface area that enables a high density depo-
sition of both, the redox mediator and the enzyme. Secondly, the specific mor-
phology of nanowires or nanoparticles have to enable intimate interactions with
enzymes and finally favour the direct electrical wiring between the bulk electrode
and the redox active site. An efficient direct electron transfer represents the ideal
configuration for biofuel cells since no further fabrication steps are needed to
introduce a redox mediator. In this case, the OCV is maximized and stability of
these bioelectrodes is increased as it generally depends on the intrinsic stability of
redox parnters more than of stability of enzymes.

3.1.2 Characterization of Biofuel Cell Performances

The performances of a biofuel cell can be defined by its maximum power density,
its maximum current density, and the open circuit voltage. The determination of
the operational stability (evolution of the biofuel cell voltage versus time for a
discharge at constant current) and the storage stability with intermittent operation
also provides key basic parameters on the viability of the biofuel cell. The total
amount of electricity that can generate a biofuel cell can also be estimated by
recording a current constant (I) supplied by the biofuel cell with time (t) for a
constant cell voltage. The recording time is fixed by the stability of the tension that
should not decrease more than 30 %.

Polarization curves are to evaluate for each bioelectrodes, addressing maximum
current densities and open-circuit potentials. These curves allow to estimate the
limiting performances of the overall biofuel cell. Furthermore, the open-circuit
potential is characteristic for the presence of overvoltages, mediated or direct
electron transfer rates, and the respective efficiency of electronic communication
with enzymes (Fig. 3.3a).

The main performances of biofuel cells are often represented as a power/
voltage curve or current/voltage curve (Fig. 3.3b, c).

I. The different regions of the current/voltage curve are characteristic of the
biofuel cell : (i) activation polarization at low current densities where the cell
mainly depends on cell overvoltages and kinetics of electron transfer, (ii) ohmic
part influenced by the materials, their interfaces, and the overall resistance of
the circuit and (iii) polarization concentration at high current densities where the
cell is limited by mass transport of fuel and oxidizing agent. The limiting values
are the maximum voltage associated with a zero current and, at the other
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Fig. 3.3 Schematic representation of the performance of the biofuel cell: a polarization curves
for bioelectrodes, b polarization curve for the biofuel cell, ¢ curve of power vs. output voltage

extreme, the maximum current recorded between the electrically connected
bioanode and biocathode to an external circuit represents the theoretical value
without resistance. The shape of the power/voltage looks like a bell curve where
its maximum represents the maximum power of the biofuel cell. In addition, the
open circuit voltage is directly indicated on the x axis.

3.2 Carbon Nanotube-Based Enzymatic Biofuel Cells

Within the vast number of available nanomaterials, carbon nanotubes (CNTs)
exhibit, between others, nanowire morphology, biocompatibility and excellent
conductivity. These particularities are the reason why nanotubes are considered as
very promising candidates in biosensor and biofuel cell devices. Nanotube based
interfaces or matrices enable better approach to the active site of the enzyme by
achieving electrical wiring between active sites of biomolecules and the bulk
electrode. Furthermore, the possibility to add appropriate functionalities via
organic functionalization enabled optimal tuning of such nanostructured electrodes
by attaching specific docking sites for biomolecules or redox mediation of bio-
electrochemical reactions. Furthermore, CNT modified electrodes offer a large
electroactive surface together with a highly porous three-dimensional structure.

As mentioned before, two main aspects have motivated scientists to use CNT's
in BFCs: their high 3D electroactive area that increase surface concentration of
enzymes and others redox partners, and their ability to access the embedded active
site of the enzyme in order to achieve direct electron transfer (Fig. 3.4a).

3.2.1 Carbon Nanotubes for 3D Electrodes

The exceptionnal properties of carbon nanotubes in terms of conductivity and high
electroactive surface have made them an ideal material for immobilizing numerous
biomolecules leading to many applications in biosensors and biofuel cells. Another
advantage lies in the full range of existing functionalization methods to confer to
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Fig. 3.4 SEM micrograph
of a MWCNT electrode

carbon-based nanoparticles the ability to attach biomolecules and shuttle the elec-
trons between the active site and the electrode. For this purpose, the combination of a
carbon nanotube matrix with redox molecules, able to oxidize or to reduce efficiently
the active site of enzymes, were investigated using different routes:

e Functionalization of CNTs with redox molecules

Covalent functionlization of CNTs was employed in a flexible way to modify
single-walled carbon nanotubes (SWCNTs) by the corresponding redox mediator
prior to their deposition on electrode. R. Bilewicz et al. reported the covalent
functionalization of SWCNTs with ferrocene and ABTS [6]. Immobilized ferro-
cene acts as a redox bridge for the electrical wiring of GOX while at the anode and
ABTS-modified SWCNTs serve for the electrical connection of laccase at the
cathode.

Ferrocene-modified SWCNTs and ABTS-modified SWCNTs were deposited
onto one of each electrode using a liquid-crystalline matrix-monoolein cubic
phase. The GBFC delivered 100 uW cm—2 with an OCP of 0.43 V in 20 mM
glucose in quiescent solution

Taking advantage of the steady increasing techniques for CNT functionaliza-
tion [7], several routes were explored to attach redox molecules onto SWCNTs.
Ferrocene was also attached to MWCNTs by, amide coupling, m-stacking inter-
actions [8], aryldiazonium reduction [8] or 1,3 dipolar cycloaddition of
azomethyne ylides [9] in order to establish electrical communication between the
enzyme and the electrode (Fig. 3.5).

e Carbon nanotube-doped polymers

During many years, osmium-based hydrogels have been reported to exhibit the
best GBFC performances. Several groups developed polypyridyl osmium complexes
bound to a polyvinylpyridine (PVP) polymer backbone. GOX and bilirubine oxidase
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(BOD) were further immobilized into the polymer by chemical crosslinking using
poly(ethylene glycol) diglycidyl ether (PEGDGE). Different osmium complexes
were succesfully synthesized using various types of n-heterocyclic ligand or
electro-attractive/withdrawing groups, in order to closely approach the redox
potential of the enzymes. Finally, carbon nanotube fibers made of sodium dodecyl
sulfate (SDS)-dispersed carbon nanotubes injected in a poly(vinyl alcohol) matrix
were used as substrate for osmium hydrogels. This configuration lead to a high
performance biofuel cell exhibiting 740 uW cm ™2 at 0.57 V, using BOD at the
cathode and GOx at the anode [10].

3.2.2 Carbon Nanotubes for Direct Electron Transfer

When the issue of direct electrical communication between the active site of enzymes
and the electrode can be overcame, important advantages of using DET instead of
MET appeared in the fabrication and the functioning of biofuel cells. These
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advantages consist in fewer fabrication steps, enhanced stability over time since no
molecular complexes is used, and maximization of OCV by operating the cell at the
distinct redox potentials of the enzymes at both, the anode and the cathode without
indirect electron transfer to a secondary redox active molecule. The biocompatibily
of CNTs towards biomolecules was the starting point of the growing interest of CNT's
in the engineering of bioelectronic interfaces. As several enzymes exhibit direct
electrical wiring between their active site and glassy carbon electrodes, the electrical
behaviour of carbon nanotubes towards direct wiring of enzymes was soon inves-
tigated. First studies on the interaction between SWCNT and redox enzymes such as
GOX revealed the occurrence of DET between SWCNTs and the FAD/FADH,
cofactor, which could not be obtained using bulk material electrodes [11-14].

DET was also evidenced at SWCNT electrodes for other redox proteins such as
hemoglobine [15], cytochrome C [11], microperoxydases [16] or catalases[17].
The ability of CNTs to achieve DET with enzymes has lead to the design of novel
biofuel cell electrodes.

Envisioned as catalysts in hydrogen biofuel cell anodes, hydrogenases (Hjases)
are enzymes that catalyse the reversible oxidation of hydrogen to protons [3, 18]

With the aim to obtain DET between Hjases and the electrode, Hyases have
been covalently grafted to carbon nanotubes (CNTs). De Lacey and co-workers
reported efficient H, oxidation at CNT functionalized by Desulfovibrio Gigas
[NiFe] hydrogenases exhibiting high current densities of ~0.5 mA cm™2 at pH 7
(T =40 °C, 20 mV s~ ") [19]. Furthermore, Lojou and co-workers reported
maximum catalytic current of ~0.05 and ~1 mA cm™2 (pH 7.2, T = 60 °C,
10 mV s~ ') at oxidized SWCNT electrodes modified with Desulfovibrio fructo-
sovorans and Aquifex aeolicus [NiFe] hydrogenases, respectively [20, 21]

First examples of partially mediatorless-based glucose biofuel cells (GBFCs)
showed DET at the laccase-modified cathode while a redox mediator still had to be
used to connect an enzyme at the anode.

This first example was reported by Yan et al. [22]. The GBFC was formed using
glucose-dehydrogenase connected to a SWCNT electrode via poly-(Methylene
Blue) and the laccase was directly wired to the SWCNT cathode. The biofuel cell
delivered 9.5 pW cm ™2 (10 mM NAD*, 30 mM glucose at ambiant air)

The Willner group functionalized a SWCNT anode with Nile Blue and
the cofactors NADP* and NAD" via a phenyl boronic acid ligand [23]. Connecting
the anode to a BOD cathode, one ethanol biofuel cell based on alcohol dehydro-
genase delivered 23 pW cm 2 and one glucose biofuel cell based on glucose
dehydrogenase (GDH) delivered 58 uW cm >

In two distinct GBFC designs, NAD + dependant GDH was co-adsorbed with
Methylene Green at a SWCNT anode [24] or immobilized by cross-linking using
glutaraldehyde at a SWCNT anode covalently functionalized with Nile blue [25].
In both set-ups, laccase was directly wired to the cathode. These two GBFCs
exhibit power output of 58 pW cm™ 2 at 0.4 V (45 mM glucose/air) and 32 uw
cm 2 at 0.35 V (40 mM glucose/air), respectively.

Recently, the first example of a complete mediatorless glucose/O, biofuel was
reported. The DET at a laccase/MWCNT cathode and GOx/MWCNT anode was
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Fig. 3.6 a Power density vs operating voltage in 0.005 mol L™ glucose solution b Continuous
discharge under 200 pA cm™2 in 0.05 mol L™' glucose solution ¢ SEM image and (inset)
photograph of the bioelectrode used for the mediatorless glucose biofuel cell

efficiently realized using a soft compression technique [26]. The biofuel cell
exhibited exceptional stability over months, high power output of 1 mW cm ™2 at
low glucose concentration (5 mM glucose air saturated), and an OCV of 0.95 V in
quiescient solution. Catalase, an enzyme, was employed in the GOX-based
bioanode to decompose H,0, (a side product of the enzymatic glucose oxidation)
into O, and H,0. One of the key aspect in this type of biofuel cell is the soft
pressure applied to the CNT/enzyme mixture that is responsible for the efficient
electrical wiring of the enzyme. A second important feature of this material is the
combination of a high porosity (BET equal to 180 m? g~') and high conductivity
(3300 S mfl) that favour diffusion of substrates to the enzymes and electron
mobility respectively (Fig. 3.6).

A complete mediatorless fructose/O, biofuel cell was also reported and based
on a liquid-induced shrinkage of a free-standing MWCNT-forest film [27]. The
biofuel cell delivered 1.8 mW cm™2 at 0.4 V in a stirred fructose solution
(200 mM) using a fructose dehydrogenase anode and a laccase cathode.

3.2.3 Other Carbon-Based Nanomaterials

Beside great opportunities in the developpment of biofuel cells using carbon
nanotubes, other types of carbon nanostructures have shown to be able to interface
efficiently redox enzymes with electrodes.

Graphene nanoplatelets showed DET at both, bioanodes and cathodes using
GOX and laccase, respectively. These connected bioelectrodes provided a maxi-
mum power output of 60 pW cm ™~ and 0.6 V OCP [28].

Ordered mesoporous carbon also demonstrated interesting performances with a
110 pW cm ™2 maximum power output and 1.2 V OCP [29]. Recently, the design
of a miniature glucose/O, biofuel cell based on single-walled carbon nanohorns
(SWCNHs) attached to carbon micro electrodes has been reported [30]. Electrical
communication could be obtained using glucose dehydrogenase (GDH) at the
anode and bilirubin oxidase (BOD) at the cathode. This setup provided a maximum
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power density of 140 uW cm ™2 at 0.51 V harvested from soft drinks. The concept
of mediated electron transfer by incorporation of fullerenes (Cgo) as redox
mediators inside an ordered mesoporous carbon (OMC) matrix was demonstrated
by Zhou et al. This setup has been evaluated using NADH as biomimemic redox
probe for different host matrices. The OMC-Cg, configuration showed improved
electron-transfer kinetics than e.g. similar nanotube designs [31].

3.3 Nanoparticle-Based Enzymatic Biofuel Cells
3.3.1 Clay Nanoparticles

Clay nanomaterials consist in layered structures built on stacked elementary
nanoparticles. These nanoparticles are positively or negatively charged and are
separated by interlamellar domains occupied by water molecules and exchange-
able anions or cations depending on their charge. Colloidal suspensions of clay
nanoparticles can easily be prepared by dispersing clays in water by stirring
several hours. Clay nanoparticles are widely employed as hydrophilic additives to
improve the biocompatibility of organic polymers, in particular polypyrrole and
polyaniline. The latter were intensively used for the fabrication of biosensors.
However, the hydrophobic character of these host films alter the three-dimensional
structure of the entrapped enzymes and hence diminish the biological activity.

The unusual intercalation properties of clays were also applied to the soft and
rapid immobilization of enzymes. The procedure consists in the addition of bio-
molecules into aqueous clay nanoparticles dispersion. The adsorption of these
dispersions leads to inorganic biostructures with open frameworks.

In this context, the adsorption of an aqueous enzyme-clay mixture onto an
electrode surface was widely used for biosensor fabrication [32]. Owing to the
presence of microchanels within the clay matrices, a chemical crosslinking step of
the protein by glutaraldehyde was often carried out in order to prevent the release
of the entrapped enzymes.

The characteristics of clay coatings, such as porosity and swelling properties in
aqueous solutions, induce an improvement in the activity and stability of the
immobilized enzymes. The resulting biocoatings present many advantages, such as
higher surface-to-volume ratio which increases susceptibility to external influences
(e.g. rate of mass transport to and from an electrode) and possibilities to control the
fundamental properties of the host matrices. Besides their chemical inertia and
mechanical stability, the ion-exchange properties of clay nanomaterials have
paved the way for large numbers of new materials of desirable properties which
have useful functions for numerous electrochemical biosensor and biofuel cell
applications.

In particular, Layered Double Hydroxides (LDH) constitute a promising elec-
trode material where its structure is composed of stacked positive layers. The
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electroneutrality of the structure is tuned by the integration of exchangeable anions
accompanied with water molecules in the interlamellar domains. These electro-
static interactions were used for the intercalation of anionic organic electroactive
molecules such as anthraquinone disulfonate, 2,2'-azinobis 3-ethylbenzothiazo-
line-6-sulfonate (ABTS), ferrocene derivatives, nitroxide or porphyrines into LDH
layers conferring thus electroactive properties to the inorganic matrix. These
incorporated redox mediators play the role of electron shuttles between the elec-
trode and the active center of enzymes that is often located deep inside the protein.
For instance, LDH functionalized with ABTS redox mediators was successfully
applied to the immobilization and electrical wiring of peroxidase and laccase
leading to electrochemical biosensors for H,O, and O,, respectively [33, 34]. In
particular, dissolved oxygen was detected at a LDH-ABTS laccase electrode in a
dynamic concentration range of 6 x 107® to 4 x 10~° M. Laccase catalyses the
four-electron reduction of oxygen directly to water by oxidizing ABTS anions. It
should be noted that laccase electrodes have aroused a considerable attention as
biocathode for the development of biofuel cells [35-38]. Taking the attractive
potentialities of LDH-ABTS laccase electrode for oxygen reduction into account,
this biomaterial was employed to develop biocathodes of biofuel cell. However,
although the electron transfer within redox LDH was described as an electron
hopping mechanism, one of the limitations of enzyme-clay electrodes lies in the
non-conductive nature of these clay nanoparticles.

In order to improve the conductivity of the clay nanomaterials, an original
approach consists in the combination of LDH nanoparticles and SWCNT. The
conductive nature of SWCNT should improve the charge transport within the clay-
enzyme coating and hence the electrical communication with entrapped laccase
molecules. The intimate association of these nanoparticles was attempted by
electrostatic interactions. For this purpose, SWCNTSs were chemically oxidized for
generating hydroxyls and carboxylic groups on the nanotube sidewall. This
functionalization provides negatively charged SWCNT and hence facilitates their
dispersion in aqueous solutions. These dispersed nanotubes can thus interact with
positively charged LDH nanoparticles. Nanotubes were combined with LDH
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nanoparticles associated with ABTS following different procedures leading two
different configurations. The latter correspond to a mixed deposit obtained by
mixing all components in water or a « two layers » coating by creating first a
SWCNT deposit and then adsorbing LDH and laccase (Fig. 3.7).

The electrocatalytic property of the different biocathode configurations for O,
reduction was compared in term of maximum current density at 0.35 V that cor-
responds to the plateau of the electrocatalytic wave. In addition, the influence of
the nanotube percentage within the hybrid coating on the catalytic effect was also
investigated. It appears that the « two layers » design is the optimal configuration
with 43 % SWCNT loading. The latter corresponds to a nanotube deposit of
215 pg cm 2. It should be noted that the maximum current density (77.6 pA
cm ™ ?) was markedly stronger than that (28 pA cm ) recorded at a LDH-ABTS
laccase electrode without SWCNTs that highlights the beneficial effect of nano-
tubes on the enzyme wiring and electron transport processes (Fig. 3.8).

A membrane-less glucose/air biofuel cell was built by combining the bio-
cathode based on the “two layers” configuration with a bioanode composed of
glucose oxidase wired by ferrocene. The bioanode consists in a compact graphite
disc (diameter 1.33 cm) prepared by mechanical compression of a mixture of
graphite particles, glucose oxidase and ferrocene at 10 000 kg cm 2. Figure 3.7
shows the performance of the resulting biofuel cell in air-saturated 0.1 M phos-
phate buffer (pH 6.0) containing 5 mM glucose. The maximum power output of
the biofuel cell was 18 pW cm™2 at 0.3 V while the open circuit voltage (OCV)
reached 510 mV. In order to corroborate the beneficial role played by SWCNT
within the LDH coating, a biofuel cell composed of an identical bioanode asso-
ciated to a LDH-ABTS laccase electrode without SWCNTs as biocathode, was
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prepared and evaluated. As expected, a similar OCV was registered and the
maximum power density was markedly lower, namely 8.3 uW cm 2.

The redox clay nanoparticles were also incorporated in polypyrrole films and used
as redox mediator for the electrical connection of entrapped enzymes. Thus, LDH-
ABTS and LDH-Fe(CN)g have been synthesized and applied to the electrical wiring
of laccase and glucose oxidase, respectively. For this purpose, redox LDH and
enzymes were co-immobilized by entrapment in electrochemically generated
polypyrrole films. This one-step method consists in the application of an appropriate
potential (0.8 V vs. SCE) to a tubular porous carbon electrode soaked in an aqueous
solution containing enzyme, pyrrole derivative and dispersed LDH nanoparticles
[39]. Biomolecules and inorganic nanoparticles present in the immediate vicinity of
the electrode surface are thus physically incorporated inside the growing network of
the polymer. The polypyrrole/LDH-ABTS/laccase electrode allows the electro-
enzymatic reduction of O,, whereas the bioanode, polypyrrole/LDH-Fe™(CN)¢/
glucose oxidase was used for the electro-enzymatic oxidation of glucose. The
resulting biofuel cell was formed by two compartments separated by a Nafion
membrane. This allowed the use of an optimum pH for each enzymatic reaction,
namely pH 3 for laccase and pH 7 for glucose oxidase. The biofuel cell exhibited a
maximum power density of 45 uW cm™ 2 at 0.2 V, the OCV being 0.37 V.

3.3.2 Metal Nanoparticles

Without taking into account that metal nanoparticles are used as electrocatalysts,
metal nanoparticles represented a flexible way to immobilize enzymes at elec-
trodes while sometimes achieving DET. Among other metals, gold nanoparticles
were deeply investigated in enzymatic biosensors [40] thanks to the easy intro-
duction of functional groups to their surface via modified thiol groups and the
establishement of DET with redox enzymes such as HRP [41] or GOX [42].
However, only few examples of biofuel cells based on gold nanoparticles have
been reported. Gold nanoparticle-doped polyaniline films were used to connect
electrically GDH at the bioanode and BOD at the biocathode [43]. The biofuel cell
delivered 32 pW cm™2 power output and 0.5 V OCV. DET was also evidenced at
gold nanoparticle-modifed electrodes in a fructose/O, biofuel cell based on a
fructose dehydrogenase anode and a BOD cathode, exhibiting 0.66 mW cm ™~ at
360 mV and 0.8 V OCP [44]. An ethanol/O, biofuel took advantage of a gold
nanoparticle sol-gel matrix based on chitosan and partially sulfonated (3-merca-
ptopropyl)-trimethoxysilane sol-gel [45]. The NAD"-dependent alcohol dehy-
drogenase was connected via MET using Meldola’s Blue while the laccase was
connected via DET. The resulting biofuel cell exhibited an open-circuit voltage of
860 mV and a maximum power density of 1.56mWem 2 at 550 mV.

Another approach for designing biofuel cells is to combine the bioelectrocata-
Iytic properties of enzymes and light-harvesting nanomaterials such as metal oxide
nanoparticles. Seeking for an efficient photoelectrolytic hydrogen production cell,
hydrogenases were coupled to dye-sensitized titanium oxide nanoparticles. Two
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examples of photoelectrochemical biofuel cells were reported that underlined
promising applications. Moore et al. designed a two-compartment photoelectro-
chemical biofuel cell [46]. One compartiment realized the photocurrent generation
by Zinc porphyrin-sensitized nanostructured TiO, electrodes, while the other
compartment produced hydrogen at pyrolytic graphite edges and carbon felt elec-
trodes modified with FeFe hydrogenases from Clostridium acetobutylicum. This
cell obtained production rates of 23.4 nmol H, min~"'. E. Reisner et al. performed
the efficient wiring of [NiFeSe]-hydrogenase from Desulfomicrobium baculatum
directly onto TiO, nanoparticles and generated hydrogen from sunlight at high
turnover rates of 50 mol H, s~ mol~" (total hydrogenase) under visible light [47].

3.3.3 Other Nanomaterials

Eventhough other types of nanomaterials have interesting DET properties with
enzymes used for biosensing applications, the efficicency of interfacial electron
transfer and low conductivity still hamper their developpment in the field of
biofuel cells. However, among other nanomaterials investigated for BFCs, another
interesting approach is the design of polymer nanowires which are able to entrap
enzymes and redox mediators, and provide a high specific surface. Despite the fact
that this area is still in its infancy compared to carbon-nanotube BFCs, polymer
nanoparticles have attractive properties arising from their ability to be easily
functionalized and to entrap enzymes. Kim et al. reported a glucose/O, biofuel cell
integrated in a fluidic system based on a hydroquinone sulphonate/GOX anode and
ABTS/laccase cathode [48]. Polypyrrole electrodes were designed by electropo-
lymerization within the pores of anodized aluminium oxide as template.

An original use of polymer nanowires as proton conductor was investigated in
designing nanobiofuel cells. A nanobiofuel cell, made of a single Nafion/poly
(vinyl pyrrolidone) nanowire (200 to 800 nm thick) connected a laccase cathode
and a GOX/CNT anode which delivered from 0.8 to 3 uW [49].

3.4 Conclusion

Biofuel cells attract more and more attention as green and non polluant energy
source for, in general, mobile and implantable devices. Within this research topic
nanostructured materials prevail due to their higher efficiency, energy yields, and
the possiblity to construct miniaturized devices. At present, carbon nanotubes
seem to be the most appropriate electrical host matrix in biofuel cells due to their
biocompability, high conductivity, high specific surface and ability to electrically
connect many redox enzymes. Nevertheless, other carbon or metal based nano-
structures also show particular interesting suitabilities and represent promising
alternatives, especially in microfluidics and photovoltaics approaches.
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Chapter 4
Biosensors Based on Field-Effect Devices

José Roberto Siqueira Jr., Edson Giuliani Ramos Fernandes,
Osvaldo Novais de Oliveira Jr. and Valtencir Zucolotto

Abstract This chapter brings an overview on the use of field-effect devices
(FEDs) in biochemical sensors, emphasizing their advantages and specificity for
biosensing, which is typical of such semiconductor-based device. Following the
introductory sections on operation principles and comparison with field-effect
transistors, we concentrate on different types of FEDs and their detection methods.
In particular, we shall focus on ion-sensitive field-effect transistor (ISFET),
electrolyte-insulator-semiconductor (EIS), light-addressable potentiometric sensor,
extended-gate field-effect transistor (EGFET) and separative extended-gate field-
effect transistor (SEGFET). Important contributions in the literature in biochem-
ical sensors based on such devices are highlighted. A discussion is also provided
on how the functionalization of these devices with nanostructured films can result
in sensors with increased sensitivity and selectivity. Examples of modified devices
containing polyelectrolytes, metallic nanoparticles, carbon nanotubes, and other
compounds, used for detecting a variety of analytes, will be provided. We discuss
the concepts involved in the operation principles and the particularity of different
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FEDs. The prospects for clinical diagnosis with such biosensors and environment
monitoring are also addressed. Moreover, strategies to improve sensing properties
through functionalization are placed on, particularly with synergistic combination
of organic and inorganic materials. For example, nanostructured films containing
carbon nanotubes exhibited enhanced performance in biosensing. It is expected
that this chapter may provide researchers with an alternative sensing platform to
study new biochemical sensors concepts for specific applications.

4.1 Introduction

Biosensing has benefited enormously with the advance of the so-called nano-
biotechnology. Over recent years, novel concepts on biosensors have appeared to
cater for different applications, especially health-related systems, environmental
monitoring, food control and biotechnological processes [1-4]. Among the dif-
ferent types of sensors and their transduction modes, bio-chemical sensors based
on field-effect devices (FEDs) have deserved special attention, for they involve
multidisciplinary areas, such as biochemistry, bioelectrochemistry and bioengi-
neering, in addition to solid-state and surface physics and silicon integrated circuit
technology [4-8]. The well-established silicon-based technology has been merged
with nano- and biomaterials science to develop new sensors and biosensors pro-
totypes with enhanced performance that may be applied in diverse fields [4-8].
The integration and compatibility of biomolecules with semiconductor processing
and the possibility of manufacturing miniaturized sensing devices are the main
advantage of such field-effect sensors [4-8].

Nanobiotechology-based biosensors have been developed with immobilization
of biomolecules in miniaturized structures, which may contain hybrid materials for
enhancing sensing properties [4, 9-17]. Such methods have also been applied to
biosensors based on FEDs [4]. For example, carbon nanotubes (CNTs) have been
used in biosensors to achieve better sensitivity and selectivity [18-22]. The key to
obtain such enhanced systems is the combination of biomolecules, whose activity
may be preserved for long periods of time, and nanomaterials, as CNTs, on the
FEDs surface [4]. Deposition of these materials is normally done with the elec-
trostatic layer-by-layer (LbL) technique that allows an easy control of film
thickness and possible tuning of molecular architectures to yield tailored sensing
units [4, 23-31].

Here we concentrate on biochemical sensors based on FEDs and their detection
methods. The chapter is organized as follows. Section 4.2 describes the operation
principle of a field-effect device. Different types of FEDs and their specificity are
discussed in Sect. 4.3. The major results from the literature concerning biosensing,
including nanotech methods, are described in Sect. 4.4, while the chapter is closed
with final remarks in Sect. 4.5.
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4.2 Field-Effect Devices

The semiconductor microtechnology has evolved rapidly with the advent of
nanotechnology, which allowed for new sensor concepts combining chemical and
biological recognition processes with silicon chip manufacturing [9, 32]. Using
functional materials and silicon technologies, one may devise sensing systems,
including intelligent signal processing for biochemical parameters and micro-
electrodes for determining ions and metabolic products in biomedicine, food and
drug analysis, environmental monitoring, defense and security purposes, including
antibioterrorism and detection of biological warfare agents [5-9]. Sensors based on
FEDs are suitable sensing platforms, as they offer advantages such as a small size
and weight, a fast response time, robustness, integration of sensor arrays on a chip,
and possible low-cost fabrication. The typical examples of FEDs are ISFETs (ion-
sensitive field-effect transistors), EGFETs (extended gate field effect transistors),
capacitive EIS (electrolyte-insulator-semiconductor) sensors and LAPS (light-
addressable potentiometric sensors) [5-9].

FEDs are derived from metal—insulator-semiconductor capacitance or insu-
lated-gate field-effect transistors, with the gate electrode being replaced by an
electrolyte solution (test sample) and a reference electrode [5-7]. With the
introduction of an additional ion- and/or charge-sensitive gate layer, biochemical
FEDs are sensitive to any electrical interaction at or nearby the interface. The
biochemical reactions can be detected by an ISFET, EGFET, capacitive EIS sensor
or LAPS coupled with the corresponding chemical or biological recognition
element. For example, changes in the chemical composition of the analyte induce
changes in the FED electrical surface charge, modulating the current in
the ISFET’s channel, the capacitance of the EIS sensor, or the photocurrent of the
LAPS. The schematic setup in Fig. 4.1 depicts the operation principle and the
signal response of ISFET, EIS and LAPS structures. In common, such devices
have the same transducer principle, using an electric field to create regions of
excess charge in a semiconductor substrate [5—7]. For operation, the gate voltage
(Vi) is applied by a reference electrode (i.e. Ag/AgCl liquid-junction electrode),
which provides a stable potential in the solution, regardless of changes in dissolved
species or in the pH of an analyte. The sensing information arises from the
modulation of the electric field inside the insulator, resulting in a modulation of the
space-charge region in the silicon at the insulator-semiconductor interface. Signal
generation may come from any of the following events: pH or ion-concentration
changes, ion-concentration change due to an enzymatic reaction, adsorption of
charged macromolecules (e.g., polyelectrolytes, proteins, DNA), affinity binding
of molecules (e.g., antigen—antibody affinity reaction, or DNA hybridization).
Furthermore, changes may also arise from living biological systems, resulting
from complex biochemical processes (e.g., metabolic processes of bacteria or
cells, ligand-receptor interactions, action potential of nerve cells) [5-7].

For ISFET devices in particular, because of their poor isolation and the impu-
rities penetration in the substrate in chemical environment, device encapsulation
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Fig. 4.1 Schematic representation of the operation principle and typical signal response of an
ISFET, an EIS and a LAPS sensors. Reprinted with permission from Ref. [6]. Copyright 2012
John Wiley and Sons

was an important issue [33]. One of the alternatives for encapsulation was the use of
a Si-Si0,-Si structure, which was a complex process [34]. Another efficient strategy
to isolate the FET from the chemical solution is the Extended-gate Field-effect
Transistor (EGFET), shown in Fig. 4.2a, where the sensitive area is separated from
the FET gate. A more advantageous configuration for sensing is a SEGFET which
comprises a chemically sensitive membrane as separative extended gate (SEG)
connected to the gate of a commercial field effect transistor (FET). In both cases,
the circuit of the gate is closed by a reference electrode (commonly Ag/AgCl or
Saturated Calomel Electrode, SCE) inserted into the chemical media (see Fig. 4.2).
This configuration isolates the FET from the chemical environment, thus permitting
reuse. The advantages in the latter case are: isolation from light, simple to pack-
aging, easy fabrication, simplicity and longer stability. The difference between a
SEGFET and an EGFET is the assumption of the separation of the sensitive
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Multimeter

O

Fig. 4.2 Scheme of a biosensor based on EGFET. a The scheme shows a common FET device
which the gate is extended from the circuit to be functionalized. The FET structure is the
transducer, i.e., changes the surface potential on the extended gate into a change in the Ip. In this
case, the reference electrode is floating. In b the scheme of a SEGFET-based biosensor (with the
reference grounded) using the microchip CDU4007 as the transducer part

Table 4.1 Summary of (bio-) chemical sensors based on ISFET, EIS, LAPS, EGFET and
SEGFET devices

(Bio-) Ion/analyte Sensitive membrane or (bio-) Refs
chemical recognition element
sensor
pH sensor H*, OH™ SisNy, Al,O3, Ta,Os5 [5, 35-39]
ITO, Zl’lO, V205, Sl’lOz
Ion sensor K*, Li*, Cs*, Ca>*, Mg, Polymer membrane & ionophore [9, 12, 20,
NO;~, SO~ Dendrimers, silicon nanowires 40-42]
Enzyme Glucose, urea, penicillin, Glucose oxidase, urease, [11, 15, 16,
sensor Acetylcholine, pesticides, penicillinase, 20, 21,
H,0,, lactate acetylcholinesterase, horseradish 34, 43—
peroxidase, 47]

organophosphorus hydrolase,
phthalocyanines, L—lactic
dehydrogenase

membrane from the MOSFET-based structure and absence of any microfabrication
process. In the former, the sensing part is separated and connected, with a metal
wire, in a commercial MOSFET (Fig. 4.2b), while in the latter the sensing part is
deposited on the chip.

Examples of chemical sensors and biosensors developed using the ISFET,
EGFET, SEGFET, EIS and LAPS structures as transducers are summarized in
Table 4.1.

Upon applying nanotechnology methods to FEDs, one may envisage the inte-
gration of nanomaterials and biological systems into electrical devices, which is
advantageous for detection of biological species, especially due to the size com-
patibility. In addition, the electrostatic interactions and charge transfer, typical of
biological processes, may be detected by electronic nanocircuits [9, 32]. To develop
nanosensor systems requires mostly infrastructure and knowledge on both silicon-
and thin-film processing technologies to produce materials with control at the
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molecular level. In this context, the layer-by-layer (LbL) technique is promising for
silicon-based sensors as this method allows a control of film architecture and
thickness, in addition to the synergy between properties of distinct materials,
including carbon nanotubes [48], nanoparticles [49], proteins [50], antigen—
antibody pairs [51], DNA [52], and other charged macromolecules [53]. Other
techniques based on chemical functionalization to modify FEDs, involving
nanomaterials, such as nanowires and gold nanoparticles, have also been employed
[16, 54]. The use of nanostructured LbL films in sensing has brought a number of new
possibilities, mostly in terms of increased sensitivity [4, 11, 12, 15, 16, 22, 55-57].

4.3 Types of Field-Effect Devices
4.3.1 Ion-Selective Field-Effect Transistor (ISFET)

ISFET was the first miniaturized silicon-based chemical sensor, introduced by
Bergveld in 1970. Since then various field-effect biochemical sensors have been
developed [5-7, 33]. It derives from the insulated-gate field-effect transistor
(IGFET) and from the metal-oxide—semiconductor field-effect device (MOSFET),
being the most studied FED for sensing and biosensing. Its main advantage is the
possible integration with signal-processing electronics on the same chip. The gate
metal electrode of the IGFET is replaced by an electrolyte solution which is
contacted by the reference electrode, with the insulator placed directly in an
aqueous electrolyte solution [5-7], as shown in Fig. 4.1.

The operation mechanism of an ISFET is based on the flow of an electric
current (Ip) from the source to the drain via the channel. Analogously to the
IGFET, the channel resistance depends on the electric field perpendicular to the
direction of the current, in addition to the potential difference over the gate
insulator. The source-drain current (Ip) is influenced by the interface potential at
the insulator/electrolyte solution. The chemical nature of the insulator interface is
reflected in the measured source-drain current. According to the site-binding
theory, using SiO, as insulator, the surface of the gate oxide contains OH-func-
tionalities, which are in electrochemical equilibrium with ions in the sample
solutions (H+ and OH-). Depending on the pH of the solution, the SiOH groups at
the gate insulator surface can be protonated or deprotonated, with ensuing changes
on the SiO, surface potential. Typical pH sensitivities measured with SiO,-based
ISFETs are 25-48 mV.pH ! [5-7].

Regarding the analytical characteristics of ISFETSs, the main parameters are
sensitivity, selectivity, stability and drift, response time and hysteresis. Other
important parameters are the linear pH range, temperature stability, light sensi-
tivity, reproducibility and life time. These characteristics are most thoroughly
studied for gate insulators made of SiO,, Si3sNy, Al,O3 and Ta,Os5 [7, 33].

An ISFET is characterized using two basic modes, namely the constant voltage
and the constant charge voltage modes. In the first, the gate voltage (V) and drain-
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source voltage (Vps) are maintained constant and by measuring changes in the
drain current (/p), the pH value of a test solution can be obtained quantitatively. In
the more popular constant charge voltage mode the drain current and the drain-
source voltage are set at a fixed value using a feedback circuit, which causes the
voltage shift. Moreover, the ISFET has to be associated with a readout-interface
circuit to obtain a measuring signal. Also relevant for commercialization is the
encapsulation and packaging of ISFETs. For a biochemical sensor-based ISFET,
only some parts of the device need to be encapsulated, including bonding pads,
bonding wires, the silicon substrate and on-chip electronics, in order to avoid
damages caused by degradation of the sensing unit, liquid penetration in the
electronic parts and adhesion problems [7]. Therefore, the encapsulation and
packaging of ISFET should ensure electrical isolation of conducting pads,
chemical isolation from the external environment, compatibility with the sensitive
membrane or biocompatibility in the case of biosensors.

4.3.2 Electrolyte-Insulator-Semiconductor (ELS)

EIS is the simplest structure of a biochemical sensor based on FEDs, deriving from
the capacitor metal-insulator-semiconductor (MIS) and capacitor metal-oxide—
semiconductor (MOS) structures, in which the metallic gate is replaced by an
electrolyte and a reference electrode [5—7]. The operation consists in applying a
direct current (dc) polarization voltage via reference electrode to set the working
point of the EIS sensor, superimposed to a small alternating current (ac) voltage
(~10-50 mV), which is applied to the system to measure the sensor capacitance.
Figure 4.1 illustrates the setup and the principle of a capacitive EIS structure.

The complete ac equivalent circuit of an EIS is complex, as it involves
components such as the bulk resistance and space-charge capacitance of the
semiconductor, the capacitance of the gate insulator, the interface impedance at
the insulator-electrolyte interface, the double-layer capacitance, the resistance of
the bulk electrolyte solution and the impedance of the reference electrode [58—60].
However, considering usual values of insulator thickness (~30-100 nm), the ionic
strength of the electrolyte solution (>10"*-10"> M) and low frequencies
(<1000 Hz), the equivalent circuit of an EIS structure can be simplified as a series
connection of insulator capacitance and space-charge capacitance for the semi-
conductor, which is similar to the MIS capacitor [58—60]. Therefore, the capaci-
tance of the EIS structure may be expressed in terms of the electrolyte solution/
insulator interface potential (¢) as:

_ CiCsc(9)
@ = &t Cocld)

where Cgc (@) is the space-charge capacitance, modulated by the flat-band voltage,
and C; is the insulator capacitance.

(4.1)
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Fig. 4.3 Representation of typical C/V curves and their distinct three regions (accumulation,
depletion and inversion) (a) and ConCap curve (b) at different pH values for a capacitive EIS
structure

The EIS sensors are characterized using the capacitance/voltage (C/V) and
constant-capacitance (ConCap) modes. Figure 4.3 depicts a typical (a) C/V curve
and (b) ConCap response for a p-type EIS sensor at various pH values. In the C/V
curve in Fig. 4.3a, three regions can be identified, namely, accumulation, depletion
and inversion. For sensing, in particular, only the depletion region is considered
for analysis, as the curves are shifted due to changes in the electrolyte/insulator
interface potential. Thus, the C/V curves are pH or concentration-dependent for
specific analytes in EIS sensors. The mechanisms for such changes were discussed
in Sect. 4.2. For characterizing the chemical sensitivity of the EIS system, it is
essential to keep the same conditions for the gate-insulator/semiconductor inter-
face, in order to attribute the shifts of C/V curves entirely to the reactions at the
electrolyte/insulator interface. The most important parameter to be considered is
the flat-band voltage condition [7, 58—60], which can be determined by:

Vﬂ) = Eref - ¢ + Asol — % - % (42)
q G

where E .. is the electrode reference potential; ., is the surface-dipole potential of
the solution, and ¢ is the electrolyte/insulator interface potential, which depends
on the activity of ions in the solution, while Wy is the semiconductor work function
and Q; and Qg are related to charges located in the insulator and the surface and
interface states, respectively. The potential ¢ at the electrolyte/insulator interface
is the only parameter which is not constant in Eq. (2.2), indicating that the
sensitivity of an EIS structure, concerning the electrolyte composition, depends on
changes in the flat-band voltage, which is determined by the shifts in the depletion
region in C/V curves [7, 58-60].

In contrast to C/V measurements, the ConCap mode permits a dynamic
investigation of sensor behaviour. This method is appropriate to set a suitable
operation point and also for performing a simple, straightforward characterization
of ion-sensitive layers. Furthermore, it is possible to obtain important sensing
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properties, including sensitivity, response time, stability, long-term and short-term
drift phenomena, and hysteresis. Obtaining information with the ConCap mode is
optimized if the capacitance of the working point is fixed, which corresponds to
~60-70 % of the maximum capacitance from the C/V curves. Using a feedback-
control circuit to maintain this capacitance fixed, it is possible to observe shifts in
the voltage owing to changes of ion-concentration at the sensor surface [7, 58—60].
A typical ConCap response is exemplified in Fig. 4.3b.

4.3.3 Light-Addressable Potentiometric Sensor (LAPS)

Differently from other field-effect sensors, the LAPS platform allows for the
fabrication of a multisensory system in a same chip. The complete LAPS system
consists of three units, viz., an electrochemical cell, an infrared light-emitting
diode (LED) or laser as light source, and an electronic circuit to measure photo-
current [5—7]. The schematic representation of the experimental setup of the LAPS
system is also shown in Fig. 4.1. The structure of the LAPS is similar to the EIS
structure, since in the absence of illumination, it behaves as an EIS capacitor.
Applying a dc bias voltage via reference electrode a depletion layer arises at the
insulator/semiconductor interface. The width of this depletion layer and its
capacitance vary with the insulator surface potential. The changes in capacitance
in the depletion layer are detected by illuminating the LAPS chip with modulated
light, which induces an ac photocurrent to be measured as sensor signal [61, 62].

The illumination of the semiconductor with infrared light creates electron—hole
pairs, which can diffuse, recombine or be separated by an electric field. When the
semiconductor is illuminated with a constant-intensity light source charge separation
of photogenerated electro-hole pairs occurs in the depletion region, yielding a transient
current that decays to zero as the formation of separated charges across the depletion
region counteracts the tendency for a further net-charge separation [7, 61, 62].
Such behavior is somehow similar to charging a capacitor. The modulation of light
intensity in a time shorter than the decay-time of the transient currents results in a
modulation of the depletion-region capacitance, creating an alternated photocurrent in
an external circuit. Such photocurrent appears due to the rearrangement of charge
carriers in the depletion layer of the semiconductor, while the illumination is switched
on and off. The amplitude of this photocurrent is the quantity to be measured.
For strong depletion, the alternated photocurrent measured (1,,) is determined by the
electron—hole pairs, which are formed or diffused into the depletion region and by the
capacitances of the illuminated area, according to Eq. 4.3:

Ci

L,——— 4.3
P C; 4+ Cse ( )

Iph =

where I, is the alternating component of the photogeneration of electron-hole
pairs.
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Since the capacitance of the space-charge region (Csc) depends on the applied dc
voltage, the photocurrent in the insulator/electrolyte interface is a function of the
bias applied to LAPS. Such dependence is used to measure chemically sensitive
surface potentials on the insulator surface [7, 61, 62]. The I/V curve is similar to the
C/V curve for an EIS sensor (See Fig. 4.3), containing also the accumulation,
depletion and inversion regions, but in the opposite way. Similarly to the EIS
sensor, another measurement mode for LAPS is the constant-photocurrent (CC)
mode, in which a feedback system controls the applied bias voltage to maintain the
photocurrent constant. This mode permits to investigate dynamics, in addition to
detecting solutions at different pHs or solutions at different concentrations (analyte).

4.3.4 Extended-Gate Field-Effect Transistor (EGFET)

EGFET devices were developed based on the concept introduced by Van der
Spiegel et al. [63]. Figure 4.2a shows the EGFET architecture and the measure-
ment system. EGFETs exhibit the same I~V operational characteristics as the
MOSFET. Their pH sensitivity can be determined by measuring the drain current
(Ip) as a function of the variable drain-source voltage or gate-source voltage (Vpg
or Vgs, respectively) in solutions with various pHs. The measurements are made
after the stabilization of the system (drift).
Based on the MOSFET equations, Ip is given in the saturation region by:

1
Ip = Eoc(VGS —Vr)? (4.4)

And in the linear (Ohmic) region by:
1
Ip = o[(Vgs = Vr)Vbs = 5 V] (4.5)

where « is a conduction parameter (geometric parameter), Vpg is the drain-source
voltage, and Vr is the threshold voltage, defined as the minimum voltage required
to make the transistor ON, which depends on the pH value [44]. Using the site-
binding model proposed by Yate et al., in 1974, [64] and the Stern model for the
double layer [65], it is possible to explain the pH dependence for the surface
potential (), which depends on the membrane material and on the electrolyte
pH, according to [33, 36]:

qj quo 1
—2.303ApH = —- nh™ 4.6
pH =" +sin ( kT B) (4:6)
Where ApH = pH — pH,,., and pHp,. corresponds to the pH at the point of zero
charge on the surface, k is Boltzmann’s constant, g is the elementary charge, T is
the temperature of the system, and B is a dimensionless parameter that determines
the relation between the pH and W, which reflects the chemical sensitivity of the
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gate insulator (the parameter depends on the density of surface hydroxyl groups
and the surface reactivity expressed by K, and K;,). B is given by [66]:

_ 2¢*Ns(Ka/K)'"?

P KTCpy,

(4.7)
Where Ng is the site density, K, and Ky, are equilibrium constants, and Cpy_ is a
simple capacitance (derived from the Gouy—Chapman—Stern) model.
Finally, V1 can be expressed as:

w
Vi = Eges + Yo + VTM—TM_TO (4.8)

where Eg.r is the electrode reference potential, y,, is the surface-dipole of the
electrolyte, Vry is the threshold voltage of the MOSFET, and Wy, is the work
function of the metal gate relative to vacuum [33].

Different oxide substrates have been used as pH-sensitive membranes.
However, high impedance materials used as sensitive membranes in ISFETSs (SiO,,
Al,O3, Ta,0s, etc.) are not suitable for EGFET structures. Instead, low-resistance
materials have been used which display Nernstian sensitivity, including indium tin
oxide (ITO) [67, 68], SnO, [69], V,05 xerogel [38, 70], ZnO [37], Vanadium/
tungsten mixed oxide (V,0s/WOj3) [71], TiO,:Ru [72], to name a few. Since the
fabrication of such oxides is relatively expensive and involve sputtering or
chemical evaporation, sol-gel methodologies have also been used [70, 73].

Organic semiconductors have been successfully applied in EGFETSs because of
the easy fabrication and relative low cost. In addition, organic materials may be
more appropriate in nanostructured platforms for biological materials immobili-
zation. The choice of EGFET-based biosensing is motivated by the finding that
several enzymes exhibit a local pH change upon reacting with specific analytes
[74-79]. Ishige et al. developed an EGFET-based biosensor using gold electrodes
modified with ferrocenyl-alkanethiol and cholesterol dehydrogenase for detecting
cholesterol in a concentration range from 33 to 233 mg.dL ™" with sensitivity of
57 mV.pH™ ") [77].

4.3.5 Separative Extended-Gate Field-Effect Transistor
(SEGFET)

SEGFET is a type of EGFET in which a metal wire connects the sensing film
membrane to the gate of a commercial MOSFET (Fig. 4.2b), separating the FET
device from the chemical environment [80, 81]. The gate-source voltage (Vgs) of
the MOSFET is replaced by a voltage in the reference electrode (Vger) [44].
Analogously to the EGFET devices, the drain—source current can be modulated by
the proton concentration on the membrane surface, upon changing the electrolyte
pH. Based on Eq. 4.1, If;* varies with pH and may present a linear pH response.
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Fig. 4.4 Ip—Vgs characteristics of the gate sensitive membrane for SEGFET (for a constant Vg
value). Inset: The pH dependence of the square root of I, for the gate sensitive membrane (a).
And Ip—Vgs characteristics of the gate sensitive membrane for SEGFET, calculated when I, was
fixed in 200 pA. Inset: The sensitivity of the film (b)

Characteristic curves for separative extended gate, Ip vs Vgs, are shown in
Fig. 4.4a, which also contains the linear response of Vgg as a function of pH. The
sensitivity of the gate membrane can be calculated from the slope in the linear
range, for a constant I, value (see Fig. 4.4b). The Nernstian expected value for the
sensitivity is 59.2 mV.pH " at 25 °C.

The most common commercial FETs used in SEGFET are the instrumentation
amplifier AD620 (used as high impedance unity gain buffer), the operational
amplifier LF356 (connected to the input pin of a readout circuit based on high
input impedance J-FET operational amplifier, as unity gain buffer), the instru-
mentation amplifier with LT1167, and the commercial MOSFET CD4007UB
[44, 80, 81].

The operational pH range of SEGFETs depends on the stability of the sepa-
rative extended gate material [for example, it is known that SnO, fabricated via
sol-gel is damaged in solutions with high pH (pH > 9)] [39]. Table 4.2 compares
the characteristics for some sensing gate films for FET-based sensors:

4.4 Recent Trends Using Field-Effect Sensors

Recent efforts have been focused on the design of field-effect sensors containing
immobilized nanomaterials, which are suitable for electronic control and biological
sensing [17, 18, 89]. The immobilization of nanomaterials including nanoparticles
and nanotubes usually requires high-cost equipment and/or advanced manipulation
techniques. One exception is the use of the LbL technique, through which
manipulation with control at the molecular level can be achieved with experimental
simplicity [4, 23-29]. The first studies reporting field-effect sensors containing LbL
films were reported by Cui et al. [90, 91], in which poly(dimethyldiallylammonium
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Table 4.2 Comparison of main parameters for some sensing gate films used in FET-based
Sensors

Sensing film Preparation Device Drift rate Sensitivity pH Ref.
method structure (mV/h) (mV/pH) range
SiO, Thermally ISFET <5 50-58 1-13  [82]
grown
SnO, Sputtering ISFET 9.1 58 2-12 [83]
SnO, Sol-gel ISFET 6.73 574 1-9 [84]
ITO-PVP Spin coating  EGFET - 57-59 2-12 [85]
V,0s5 Sol-gel SEGFET - 58.1 2-12 [38]
TiO,:Ru Sputtering SEGFET 1.03 52.2 1-13  [72]
ITO Commercial SEGFET - 58 2-12  [86, 87]
FTO Commercial ~ SEGFET - 50 2-12 [39]
Au-PVS/N-  LbL SEGFET 22 58 2-12 [88]
PANI

FTO fluorine-doped tin oxide films, PVP poly(4-vinylphenol), Au-PVS/N-PANI gold electrode
modified with LbL film of poly(vinyl sulfonic acid) (PVS) and nanostructurated polyaniline
(N-PANI)

chloride) (PDDA) was immobilized in the gate platform in conjunction with SnO,
and SiO, nanoparticles. Since then, the use of LbL technique has been considered
an efficient strategy to modify the gate platform in FET devices. This is the case of a
biosensor for lactate detection developed by Jing-Juan Xu et al. with immobiliza-
tion of MnO, nanoparticles alternated with lactate oxidase and PDDA on the gate of
an ISFET. A better sensitivity and performance towards lactate detection was
attributed to the nanostructured film modifying the gate [92].

Other 1D nanomaterials including nanowires and nanotubes have been reported
as gate-modifying agents for enhanced sensitivity in FET devices. For example,
Javey et al. reported an LbL assembly of nanowires (NW) building blocks for the
fabrication of NW FETs using Ge/Si core—shell NWs as an approach for three-
dimensional (3D) multifunctional electronics [93]. Poghossian et al. reported the
first capacitive electrolyte-insulator semiconductor (EIS) structure using LbL films
of poly(allylamine hydrochloride) (PAH) and PSS [58-60]. With the same strat-
egy, Siqueira Jr. et al. proposed the first EIS capacitive sensor functionalized with
an LbL film containing polyamidoamine (PAMAM) dendrimer and single-walled
carbon nanotubes (SWNTs) with the enzyme penicillinase immobilized atop the
film surface for detecting penicillin G [94, 95]. The high sensitivity achieved was
attributed to the presence of SWNTs, thus representing a suitable platform for
protein immobilization. The same film structure was used in a LAPS sensor [96].
For both modified EIS and LAPS devices, the film containing nanotubes enhanced
the sensor performance with increased sensitivity towards penicillin G, also
allowing for stable signals with low drift and fast response time.

Siqueira Jr. et al. also investigated the influence of these PAMAM/SWNT-
Penicillinase film on the FET device performance, and associated the film
morphology with the signal response [97]. It was demonstrated that LbL-based
PAMAM/SWNTs films act as a membrane with two distinct functions: First, the
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Fig. 4.5 Schematic representation of LAPS devices modified with PAMAM/SWNT LbL film
containing a penicillinase layer absorbed on top; additionally the AFM image displays the
morphology of the film-enzyme structure. Reprinted with permission from Ref. [98]. Copyright
2012 American Chemical Society

film allowed a stronger, more uniform adsorption of enzymes on the sensor sur-
face. Second, the high porosity of the film, due to the interpenetration of nanotubes
into dendrimer layers, facilitates the ion permeation resulting from enzymatic
reactions through the film.

One important challenge to be faced in multiple sensing units in LAPS devices
is to avoid cross-talk effects. Siqueira et al. solved this problem on LAPS
biosensors modified with dendrimer-nanotubes using information visualization
methods, in which projections techniques were implemented to treat the data [98].
Figure 4.5 shows a schematic representation of EIS and LAPS devices modified
with PAMAM/SWNT LbL film containing a penicillinase layer absorbed atop.

The benefits of modifying EIS structures with LbL films to achieve biosensors
with improved performance was also reported by Abouzar et al., who observed an
amplification of the signal response upon alternating layers of polyelectrolytes and
enzymes as gate membranes on the p-Si-SiO; EIS structure [99]. A new variant of
EIS sensors has been produced, which comprised an array of individually
addressable nanoplate field-effect capacitive biochemical sensors with an SOI
(silicon-on-insulator) structure to determine pH and detect penicillin. It also allows
for the label-free electrical monitoring of formation of polyelectrolyte multilayers
and DNA (deoxyribonucleic acid)-hybridization event [100].

Another strategy to functionalize FEDs was demonstrated by Gun et al,
modifying a capacitive EIS structure with gold nanoparticles and glucose oxidase,
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used as field-effect-based glucose biosensor. The co-immobilization of ferrocene
redox species led to a two-fold increase in the biosensor sensitivity [101, 102].

Fernandes et al. described a gate membrane made with LbL films of dendrimers
and phthalocyanine as SEGFET-based pH sensor, which was advantageous
because metallophtalocyanines may act as artificial enzymes [44]. Semiconductor
polymers have also been used as platforms for SEGFET sensing membranes. In a
recent publication, nanostructure polyaniline LbL films were applied as modifiers
gate membranes, exhibiting good physicochemical properties and near Nernstian
sensitivity (58 mV.pH™' with small voltage drift) [88]. The SEGFET sensor
containing organic semiconductors also exhibited high stability within a pH range
from 2 to 12 and linear pH sensitivity. Furthermore, a very low drift (an important
feature for oxide sensitive membranes) and low response time (ca. 3 min) were
observed. Other examples of field-effects sensors with different ways of modifi-
cation can be found in refs. [5-7].

4.5 Final Remarks

FET-based devices have been proven as an efficient strategy for sensors and
biosensors, mainly because of their facilitated fabrication with commercially
available microelectronics components, which make it possible to produce devices
in a large-scale at relatively low cost. Another advantage is the number of possible
architectures leading to distinct devices including ISFETs, EGFETs, SEGFETs,
EIS and LAPS, each of which exhibits advantages for specific applications.

Indeed, biosensing has benefited enormously from the development of FET
sensor platforms, not only due to the design of specific FET architectures, but also
because nanotechnological materials and techniques may be used to obtain gate
platforms with tailored surfaces and functionalities. The latter features are crucial
for improving the efficiency of biomolecules immobilization, leading to higher
protein loadings, and as a consequence, better sensitivity and lower limit of
detection.
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Chapter 5

Using Supramolecular Chemistry Strategy
for Mapping Electrochemical Phenomena
on the Nanoscale

Anna Thaise Bandeira Silva, Janildo Lopes Magalhaes,
Eduardo Henrique Silva Sousa and Welter Cantanhéde da Silva

Abstract The main goal of this chapter is to show how the supramolecular
chemistry strategy is used to map electrochemical phenomena at the nanoscale of
low- dimensional highly organized hybrid structures containing several building
blocks such as metallic nanoparticles, carbon nanotubes, metallic phthalocyanine,
(bio)polymers, enzymes and synthetic polymers. In this sense, the principles of
supramolecular chemistry as constitutional dynamic character of the reactions,
functional recognition, and self-organization are explored from interaction
between biomolecules and several supramolecular architectures in order to mod-
ulate the physicochemical properties that arise at molecular level. The developed
platforms with high control of these electrochemical properties become interesting
devices for sensor and biosensor applications. Additionally, we describe nature-
made biological nanosensors as an inspirational scaffold that might lead us to
create advanced novel material as well.
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CMC Carboxymethylcellulose

CNT Carbon nanotubes

CcO Carbon monoxide

CooA CO heme-based sensor

CoTsPc Cobalt (IT) tetrasulfonated phthalocyanine

Crown-Cg¢y  Benzo-18-crown-6 fullerene

CVs Cyclic voltammograms

CysSH Cysteine

C,gH3,SH N-octadecylmercaptan

C60 Fullerene

DA Dopamine

DAQ Dopamine quinine

DevS Oxygen heme-based sensor from M. tuberculosis

DMPA Dimyristoyl phosphatidic acid

DNA Deoxyribonucleic acid

DosT Oxygen heme-based sensor from M. tuberculosis

E-AB Electrochemical aptamer-based

ENM Electroactive nanostructured membranes

FePc Iron phthalocyanine

FixL Oxygen sensor histidine kinase protein found mainly in Rhizobia

FixJ Response regulator protein found mainly in Rhizobia

Fe;04-NPs  Fe;O4-nanoparticles

GAF Regulatory domain named after the proteins cGMP-specific phos-
phodiesterases, adenylyl cyclase and FhlA

GNF Graphene nanosheet films

GOX Glucose oxidase

HNOB Heme NO-binding domain

HV* Viologen

HV?* Hexyl viologen dication

H,0, Hydrogen peroxide

ITO Indium tin oxide

LB Langmuir—Blodgett

LBL Layer-by-layer

LEDs Light-emitting diodes

Mtb Mycobacterium tuberculosis

MWCNTs Multi-walled carbon nanotubes

NADH Nicotinamide adenine dinucleotide

NO Nitric oxide

NPAS2 Neuronal PAS domain 2, mammalian transcription factor

0, Oxygen

PAH Poly(allylamine hydrochloride)

PAMAM Polyamidoamine dendrimer

PAS Sensor domain named after the eukaryotic proteins period, Arnt

and Single-minded



5 Using Supramolecular Chemistry Strategy 89

PB Prussian blue

PB-CD NPs Prussian blue nanoparticles protected by fS-cyclodextrin
PB-NPs Prussian blue nanoparticles

PBS Phosphate buffer solution

PVP Polyvinylsulfonate

Pyr-NH;* Alkylammonium pyrene

rGO Reduced graphene oxide

rMe Redox mediator

RNA Ribonucleic acid

SAM Self-assembled monolayer

SCE Saturated calomel electrode

SCHIC Sensor containing heme instead of cobalamin domain
SEM Scanning electronic microscopy

sGC Soluble guanylate cyclase

SPE Screen-printed electrode

SWCNTs Single-walled carbon nanotubes

UA Uric acid

5.1 General Overview

This chapter focuses on the concepts, strategies for self-assembly and current
development of supramolecular chemistry regarding sensors and biosensor con-
struction [1]. Supramolecular chemistry is primarily involved in the understanding
and interpretation of new molecular phenomena that takes place at the nanoscale.
This is an excellent bottom-up approach to nanoscience and nanotechnology [2, 3].
It is mainly based on the molecular recognition and self-organization of compo-
nents that interact by several spontaneous secondary interactions such as elec-
trostatic force, hydrogen bonding, dipole-dipole, charge transfer, m-m stacking
interactions and metal ion coordination [2, 4]. The choice of building blocks plays
a key role in the construction of new functional supramolecular entities. These
species also undergo continuous modification in their constitutions until adduct
formation. Since both reaction and conformational dynamics are involved in the
self-assembly process, there is a continuous modification of the supramolecular
environment allowing molecular rearrangement of its various components leading
to the same final entity or other ones [2, 5-8]. This supramolecular self-assembly is
known as constitutional dynamic chemistry (CDC) and has been explored to
design complex systems with or without a specific biomolecule [2]. The con-
struction of new nanostructures and functional nanoplatforms reported here is only
carried out through bottom up approaches including co-precipitation [7, 9], self-
assembled monolayer (SAM) [10], Langmuir-Blodgett (LB) [11] and layer-by-
layer (LbL) [12-15] techniques. These entities have been assembled employing
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several building block such as metallic nanoparticles [16], carbon nanotubes [8],
metallic phthalocyanine [5-7], (bio)polymers [8, 17], semiconductor quantum dots
[9, 18], graphene [10], enzymes [19, 20], DNA [1, 21] and antigen—antibody pairs
[9, 22]. Here we have emphasized how the control of several physical and
chemical properties can be achieved by using supramolecular approaches to
develop advanced functional nanomaterials as well as nanodevices for specific
purposes [23]. Additionally, we have briefly presented some examples of nature-
made biological sensors as a way to inspire bionanoengineering of highly
sophisticated biological sensors in the near future.

5.2 Construction of Nanoplatforms and Supramolecular
Electrochemistry from Functional Electrodes

The design, production and control of new nanomaterials and functional
nanodevices take into account the properties (e.g., functional groups and geome-
try) of each component that interacts at molecular level [24-26]. For example,
f-cyclodextrin (CD) is a typical cyclic oligosaccharide with a chemical structure
containing a hydrophobic inner cavity and a hydrophilic outer surface. This kind of
species has been used to prepare inclusion complexes as well as supramolecular
architectures [27]. Also, prussian blue complex (PB) is a well-known mixed
valence compound with iron (II) and iron (IIT) coordinated to cyanide ligands used
as DNA probe, catalyst and magnet [28, 29]. Supramolecular self-assembly of
mono- or multilayers of prussian blue nanoparticles (PB-NPs) protected by -CD
and poly(allylamine hydrochloride) (PAH) onto indium tin oxide (ITO) is an
attractive and efficient method for drug delivery. Recently, Silva and co-workers
[30] reported the formation of a compact microcubic structures by electrostatic
interactions of oppositely charged PB-NPs and CD molecules as suggested by
scanning electronic microscopy (SEM) (Fig. 5.1a). Deposition of PB nanoparticles
protected by f-CD (PB-CD NPs) onto anionic polyelectrolyte alternately with
PAH onto ITO substrate produced the nanostructured LbL platform (PAH/PB-CD)
that shows high electrochemical response (Fig. 5.1b) and stability with regards to
host—guest studies.

Novel supramolecular strategies have been reported based on the precise
organization of nanomaterials [23]. Carbon nanotubes (CNT), including single-
walled (SWCNTs) or multi-walled ones (MWCNTSs), represent a class of
nanomaterials with unique characteristics such as amazing mechanical and elec-
trical properties, high surface area and high performance for sensor and biosensor
applications [31-33]. The combination of CNT with other (bio)materials such as
enzyme, inorganic compounds and fullerene (C60) produced new functional
platforms. For example, due to the low biological affinity exhibited by some
microelectrodes, CD electropolymerization onto screen-printed electrode (SPE)
supported with multiwalled carbon nanotubes has been carried out as an enzyme
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Fig. 5.1 a For compact microcubic structure formation, the PB—CD nanoparticles undergo
nucleation process within the LbL flask conducting to the formation of microcrystals that support
a mesoscale self-assembly process and a final supramolecular conversion to compact microcubic
structures. b Cyclic voltammograms (CVs) for self-assembly {PAH/PB-CD} multilayers onto
ITO electrode containing three bilayers at various scan rate: 10-200 mV s™'. Electrolyte: KCl—
0.2 mol L™!, T = 25 °C. Adapted with permission from [30]

entrapment strategy [19] (Fig. 5.2). In this case the supramolecular interaction
between CD polymer and MWCNTs is responsible for creating a biocompatible
environment for glucose oxidase enzyme (GOX) immobilization, allowing a quick
and easy detection of dopamine (DA) as suggested by electrochemical analysis.
In another report using the CDC approach, functional modulation was achieved
by controlling LbL film but without a specific biomolecule. In order to achieve this
goal, Luz and co-workers [8] assembled two LbL platforms that take advantage of
alternate immobilization of cobalt (II) tetrasulfonated phthalocyanine (COHTSPC),
chitosan (Chit) and SWCNTs. Co"TsPc belongs to a group of metallic phthalo-
cyanines that show delocalized m-electrons and planar geometry with unique
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Fig. 5.2 Schematic representation of the screen-printed electrode modified with MWCNTs
containing CD and GOX. The SPE contains: a working electrode, b counter electrode and
c reference electrode. The dopamine detection is proposed from conversion of dopamine (DA) to
dopamine quinine (DAQ) by GOX using -CD as redox mediator. Reprinted with permission
from [19]

properties as well defined redox couples, high catalytic activity and thermal sta-
bility [5-7]. Chitosan is a nontoxic, biocompatible and biodegradable polysac-
charide, widely used for metal adsorption, delivery system and biomedical
applications [34, 35]. ITO-{Chit/Co"TsPc}, and ITO-{Chit-SWCNTs/Co"TsPc},
architectures demonstrated that the intimate contact of the adjacent Co"TsPc and
SWCNTs layers are responsible for a supramolecular charge transfer. This effect
promotes an increase of faradaic currents and film stability. As a result, biomol-
ecules could be detected through their interactions with ITO-{Chit-SWCNTs/
Co"TsPc} electrode using CDC analysis.

Electron transfer reactions are key processes responsible for the maintenance of
life. Certainly, supramolecular principles can help our understanding of the
mechanisms of many biological processes such as photosynthetic reactions, oxi-
dative phosphorylation, and many other events such those observed in the respi-
ratory chain [1, 4]. Non-covalent functionalization of CNT has attracted
investigation in technological applications as photovoltaic cells and light-emitting
diodes (LEDs).

One advantage is to preserve the electronic structure of CNT, but it is also
severely limited by chemical and thermal damage to the tubes [4]. Supramolecular
nanohybrids are obtained from both n-m stacking of pyrene on the SWCNTs
surface, and alkyl ammonium-crown ether interactions. The procedure used for
self-assembling these sophisticated SWNTs-Cg, nanohybrids using functionalized
alkylammonium pyrene (Pyr-NH3") and benzo-18-crown-6 fullerene (crown-Cgy)
both involve the solubilization of carbon nanotubes and maintenance of the
electronic structure of Pyr-NH3*. Figure 5.3 illustrates a photoinduced electron
transfer process in a self-assembled SWCNTs-Cgo hybrid with SWCNTs and
crown-Cg acting as an electron donor and acceptor, respectively [4]. This SWNT/
Pyr-NH;*/crown-Cg, system plays a role in promoting electron transfer and
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Fig. 5.3 Schematic
illustration for SWNTs/Pyr-
NH;*/Cg nanohybrids
system with SWCNTSs and
fullerene acting as electron Electron
donor and acceptor, Transfer
respectively. Reprinted with
permission from [4]

converting hexyl viologen dication (HV*") to reduced viologen (HV™). It is
believed that self-assembled nanohybrid systems might have applications as
artificial photosynthetic devices.

Graphene is a two-dimensional material with a hexagonal arrangement of
carbon atoms, which has caught increasing scientific interest due to its high surface
area, excellent electronic conductivity, high mechanical strength, thermal stability
and ease of functionalization [36, 37]. Graphene-based materials exhibit appealing
physical and chemical properties for use in enzymatic electron transfer processes
and catalytic conversion of small biomolecules such as hydrogen peroxide (H,O5),
ethanol and NADH. By controlled adsorption of reduced graphene oxide (rGO)
onto SAM of n-octadecylmercaptan (C,gH;;SH) gold electrodes, Yang et al. [10]
developed an effective method to produce graphene nanosheet films (GNF). The
duration of rGO dispersion immobilization by SAM onto electrode was controlled
in order to obtain a well defined thickness for better charge transport as supported
by impedance spectroscopy and cyclic voltammetry analysis (Fig. 5.4). Besides
this, the GNF/SAM modified electrode showed excellent electrocatalytical
performance toward ascorbic acid (AA), dopamine and uric acid (UA) including
simultaneous determination of these analytes (Fig. 5.4). It is reasonable to expect
that modified electrodes containing graphene will become a very attractive
nanomaterial for the development of new sensor and biosensors devices [38].

Supramolecular electrochemistry of functional nanoplatforms is a new multi-
disciplinary approach for nanoscience and nanotechnology devoted to investigate
electrochemical phenomena by the combinations (or electrodes manipulation) and
observation of direct electrochemical analysis of nanomaterial. This combination
allows studying complex entities of interest for sensor and biosensor applications.

Cysteine (CysSH) is an important sulfur-containing amino acid that plays
fundamental roles in biological systems [39] and it is also widely employed as a
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Fig. 5.4 a Schematic illustration for graphene-based nanomaterial; b CVs for GNF/SAM
modified electrode in 0.50 mol L™' KCI of 5.0 m mol L™" hexacyanoferrate(III) after immersing
the SAM electrode into a rGO dispersion in N,N-Dimethylformamide (1 mg/mL) during several
times—oO (curve i) to 120 min (curve iv), scan rate = 50 mV s~ '; ¢ CVs for GNF/SAM platform
in 0.10 mol L™’ phosphate buffer solution (PBS) (pH 7.0): I without (dotted line) or with (solid
line) 0.5 m mol L™' AA, 11 0.5 m mol L™! AA and 0.25 m mol L™! UA and III 0.5 m mol L™!
AA, 0.25 m mol L! UA, and 0.05 m mol L' DA. Adapted with permission from [10]

food supplement, pharmaceutical drug and treatment of skin damage. Since the
thiol group of CysSH is extremely reactive and involved in a great number of
biochemical reactions, there is significant interest to understand direct oxidation of
thiol groups onto nanostructured electrodes. Conventional modified electrodes
including glassy carbon and gold substrates show a slow thiol oxidation reaction
and overpotential [40, 41]. Based on this, Santos and co-workers [5] investigated
the influence of supramolecular organization of a Co''TsPc complex assembled
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Fig. 5.5 Schematic representation of the cysteine oxidation mediated by modified LbL electrode
containing 3-bilayers of the insulator PAH and Co"TsPc species. These supramolecular layers
are electrically connected working through an electron hopping mechanism promoted by the
redox sites of the Co™TsPc species right after oxidation of cysteine to cystine. Reproduced with
permission from [5]

with insulator PAH in hybrid nanostructured electrodes. As a result, the supra-
molecular environment of Co"TsPc species showed a remarkable influence on the
redox properties exhibited by ITO-{PAH/Co"TsPc}; electrode and cysteine
catalytic oxidation. Nanostructured Co"TsPc electrode showed high electro-
chemical stability and two redox processes with Ey,, values at —0.72 e —0.58 V
versus saturated calomel electrode (SCE) assigned to the redox pairs [TsPc]®~/
[TsPc]®~ and [Co'TsPc®~/Co"TsPc* ], respectively, and an irreversible process
centered at 0.40 V corresponding to [Co"TsPc*~/Co™TsPc?~], according to the
following equations:

[TsPe]®™ — [TsP]”™ + e (Epal) (1)
[Co'TsPc]”™ — [Co'TsPe]*™ + e (Epn) (2)
[Co'TsPc]*™ — [Co™TsPc]’™ + e (Epa) 3)
[Co"TsPc]*™ + e~ — [Co'TsPe]’ (Epea) (4)

[TsPc]”™ + e — [TsPc]® (Eper) (5)

Interestingly, ITO-{PAH/Co"TsPc}; electrode in 0.1 mol L™" PBS catalyzed
oxidation of cysteine to cystine in the concentration range of 1.0 x 107*—
1.6 x 10> mol L™! at 0.4 V (vs SCE). The mechanism of cysteine oxidation
catalyzed by this nanostructured electrode is depicted schematically in Fig. 5.5.
Additionally, the electrochemical behavior of Co"TsPc nanostructured electrode
was more sensitive than those with bare ITO and ITO-Co"TsPc electrodes.
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Phenolic compounds are found in most fruits and vegetables. These endogenous
compounds show interesting properties such as antioxidant activity, enzymatic
inhibition and free radical scavenging action [42]. In particular, catechol is a
diphenol compound of interest in the food industry and has been involved in glial
cell toxicity. Thus, there is a great appeal to produce novel sensors of higher
stability and lower cost for catechol detection [43].

Alessio and co-workers have combined the properties of iron phthalocyanine
(FePc) and phospholipid dimyristoyl phosphatidic acid (DMPA) to produce LB
films for the detection of phenolic compounds [43]. For this purpose, initially
mixed FePc plus DMPA in chloroform solution was carefully spread onto phos-
phate buffer subphase (0.1 mol L™" with NaCl 0.1 mol L™"), while solvent was
removed by evaporation within 15 min. The LB monolayer was obtained by
symmetrical compression at 10 mm min~' then transferred to the solid substrate.
The sequential repetition of this process allowed the deposition of LB multilayers.
In order to understand the electrochemical behavior of DMPA/FePc nanocom-
posite, the cast films of DMPA and FePc were prepared and voltammograms
recorded. The phospholipid DMPA did not show electrochemical process in the
potential window of —1+1 V (vs SCE), however the FePc exhibited a reduction
peak at —0.60 V attributed to the macrocycle ring [26]. For the nanocomposite
{DMPA+FePc} its voltammogram showed a peak assigned to the FePc species
shifted to the reductive region (—0.77), suggesting an influence of DMPA on the
electrochemical process. The LB film {DMPA + FePc},, immobilized onto ITO
electrode was tested towards catechol and compared with bare ITO electrode. The
anodic peak centered at 0.90 V for catechol group in the presence of bare ITO
electrode shifted to 0.22 V when LB monolayers were incorporated. This data
indicated an intense electrocatalytical performance probably associated with
synergistic supramolecular effects between DMPA and FePc species. Moreover,
LB film exhibited sensitivity and detection limit in the presence of catechol of
1.21 uM ™" and 0.43 uM, respectively. This LB platform is also promising for
enzyme immobilization when a friendly environment is required [1].

Combining biological components (e.g., enzyme or DNA) with nanomaterials
is a fast expanding research field that aims to develop novel nanostructure-based
electrochemical biosensors. In order to achieve this goal, electroactive nano-
structured membranes (ENM) were initially prepared through chemical immobi-
lization of polyamidoamine dendrimer (PAMAM), gold nanoparticles (AuNPs)
and polyvinylsulfonate (PVP) onto ITO substrate [44]. Electrocatalytical activity
for H,O, reduction by ENM containing several metal hexacyanoferrates (Ni, Fe,
Cu and Co) was evaluated by voltammetric and impedance spectroscopy. All
hexacyanoferrate-modified electrodes showed efficient H,O, reaction, however,
significant differences were observed in the electrochemical behavior. This
behavior can probably be associated to the intimate contact between the redox
mediator (rMe) and AuNPs, which improved the charge transfer within ENM as
suggested by electrochemical impedance spectra. For example, nickel and copper
hexacyanoferrates showed a decrease in anodic and cathodic peaks upon addition
of .0 x 107> mol L™! H,O, and potential reduction at 0.2 V. For iron and cobalt
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Fig. 5.6 Scheme adopted for the construction of the supramolecular genosensor. Carboxymeth-
ylcellulose (CMC) was used in order to modify the ADA surface and capture DNA probe.
Reproduced with permission from [45]

hexacyanoferrates, an increase in the cathodic current at +0.1 V and a catalytic
effect only at high H,O, concentrations were observed. Based on this study, it is
clear that the development of novel biosensors must involve both appropriate
nanomaterials and self-assembly techniques [1].

In addition of building protein-based biosensors, DNA sensors can also be
prepared onto modified surfaces using many immobilization approaches such as
covalent binding and adsorption of specific oligonucleotide sequences among
others [1]. Recently, Ortiz and co-workers [45] reported a novel strategy for the
construction of supramolecular genosensors based on the interfacial self-assembly
of bi-functionalized polymers bearing adamantine (ADA) and DNA onto a CD
polymer surface, as illustrated in Fig. 5.6. In fact, the genosensor platform showed
a linear response until 2 nmol L™' exhibiting a sensitivity performance up to
0.35 nmol L™'/pA and lower limit of 80 pmol L™" for the detection of a human
leukocyte antigen allele associated with celiac disease.

Aptamer recognition has been described for the development of biosensors and
applied to biomedical and environmental studies [46]. As illustrated in Fig. 5.7, an
electrochemical aptamer-based sensor (E-AB) for specific recognition of thrombin
was constructed. Zhang and co-workers [46] used immobilization of a Fe;Oy4-
nanoparticles/tagged aptamer via a self-assembly method. In this case, bifunctional
aptamer was covalently linked to both Fe;O4-NPs and gold electrode. Certainly
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Fig. 5.7 a Schematic representation and thrombin recognition by an electrochemical aptamer-
based sensor and b voltammogram curves of the E-AB sensor before and after deposition of
40 nM of thrombin. Reproduced with permission from [46]

electrochemical aptasensor could be used for clinical diagnosis, where fast
responses and low cost are required.

Fabre and co-workers have reported interesting applications involving biomo-
lecular recognition and controlled drug release using a quite simple strategy. They
had prepared a chemically modified gold electrode with a monolayer that pro-
moted hydrogen bonding interactions between adenine-substituted ferrocene and
an uracil-terminated species showing a high electrochemical stability [47].

5.3 Nanobiological Sensors as a Natural Inspiration

“High-tech nanosensors” have been produced and improved by nature during
millions of years of evolution. From single-celled species to human being these
sensors have exhibited key physiological roles in striving adaptation and regu-
lating life as we know [48-51]. Most of these sensors are protein-based macro-
molecules but RNA-based sensors known as riboswitches are also widespread and
many recent discoveries have fueled this fast expanding field [52, 53]. Among
these sensors, heme-based proteins are a quite remarkable example of versatility.
Despite just recently hemeproteins were discovered to have a third function as a
sensor, nowadays these proteins have been found in all kingdom of nature from
archaea to human [51]. High degree of modularity has been noticed where many
different heme folds (e.g., PAS, HNOB, CooA, GAF, Globin, SCHIC) are coupled
to another variety of output protein domains [51, 54-56]. These heme-domains
regulate a response promoted by the output domains, which usually carried out an
enzymatic process, protein—protein or DNA-—protein interactions. These nano-
molecules are involved in sensing and responding to specific levels of gaseous
biological molecules such as O,, CO and NO (Fig. 5.8). They are able to distinct
these diatomic molecules and report their levels in an impressive range of
concentration and selective mechanisms as detailed elsewhere [51]. One aspect to
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Fig. 5.8 Scheme for heme-based sensors and their biological roles

remark is the right usage of the term sensor that implies it must bind reversibly to
signaling molecule. Thus, it can monitor continually ligand levels by reversible
interactions, instead of detecting a biological signal by an irreversible process.
One interesting example of heme-based sensors can be found in Rhizobium
bacteria living in symbioses that fix nitrogen gas for leguminous. Plant nodule
roots must provide a suitable environment for bacteria to fix nitrogen where low
levels of oxygen are an essential feature. This is required due to the extreme
oxygen sensitivity of nitrogen fixation apparatus. If oxygen is present all efforts to
prepare highly sophisticated proteins to convert nitrogen in ammonium will be
wasted [57]. So, to coordinate this process it is essential to have an oxygen sensor
for this duty. FixL was first identified as such sensor and has become a prototype
heme-based sensor [57, 58]. Nowadays, many mechanistic details have emerged
for FixL along with X-ray structures [S1, 59—61]. This protein contains two main
modules one heme-containing domain and a kinase domain (enzymatic). It works
by transferring a phosphoryl group from ATP to another protein called FixJ. This
latter phosphorylated works as a transcription factor inducing the expression of
genes leading to produce a set of proteins responsible for nitrogen fixation and
survival under microaerobic environment [51, 57]. Oxygen binds reversibly to
FixL shutting off kinase activity so preventing production of many proteins but
after a drop of oxygen levels it turns on this same system [51]. More recently,
other similar systems have been identified in Mycobacterium tuberculosis (Mtb).
DevS and DosT are also another oxygen heme-based sensor but involved in
leading Mtb to a dormant or persistent state [54]. Persistent Mtb is very difficult to
eliminate and might be responsible for the long time of tuberculosis treatment [62].
Designing inhibitors for these sensors are interesting strategies to shorten Mtb
treatment and provide alternative drug targets and elaborate screening strategies
are highly desired calling for nanotechnology assistance. Other sensors found in
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humans such as soluble guanylate cyclase (sGC) and NPAS2 are under intense
investigation and involved in key events [63, 64]. The former is a biological sensor
for nitric oxide (NO) involved in regulating important physiological process in
vivo such as vasodilation, platelet aggregation and memory processes. NPAS2 is
still under debate but might be involved in a biological human circadian clock with
promising future applications. These systems tell us much about how biology has
evolved to prepare highly well designed nanostructures to function as sensors and
there is no question they are always a source of inspiration to nanotechnology
field. Additionally, the increasing requirement to develop small-molecule regula-
tors for these sensors have placed new exciting challenges for designing screening
strategies to fast identify these target molecules.

5.4 Concluding Remarks

This chapter describes how the electrochemical modulation of sophisticated
nanoplatforms, including sensors and biosensors, can be achieved taking advan-
tage of the combination of: (i) supramolecular self-assembly method, (ii) hybrid
nanomaterials, (iii) supramolecular chemistry concepts and (iv) electrochemical
technique. It is expected in the close future that development of nanodevices with
specific purpose will render more practicable if such approaches developed here
find widespread use. Finally, we also explore the capability of proteins and
enzymes for immobilization in the nanostructured systems aiming to construct
nanobiological sensors with high control of electrochemical proprieties. Once
more bioinspired, it is also expected we could take full advantage of protein
modularity to build even more specific devices to manipulate kinase process or
gene expression upon an specific signal, for example, or even to prepare
nanomaterials for easier screening strategies to develop novel drugs.
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Chapter 6

DNA and Enzyme-Based Electrochemical
Biosensors: Electrochemistry and AFM
Surface Characterization

Christopher Brett and Ana Maria Oliveira-Brett

Abstract The characterization and applications of nanofilms on biologically
modified electrode surface processes opens up exciting new prospects for
designing new forms of matter. This chapter will summarise and illustrate recent
developments on surface characterisation of DNA and enzyme-based sensors to
complement information obtained by electrochemical and impedance techniques.
The DNA-electrochemical biosensor incorporates immobilised DNA as molecular
recognition element on the electrode surface, and measures specific binding pro-
cesses with DNA, enabling the screening and evaluation of the effect caused to
DNA by health hazardous compounds and oxidising substances. AFM imaging is
used to characterize different procedures for immobilising nanoscale double-
stranded DNA surface films on carbon electrodes, in which a critical issue is the
sensor material and the degree of surface coverage. The DNA-electrochemical
biosensor gives very important mechanistic information because the mechanisms
of DNA-hazard compound interaction at charged interfaces mimic the in vivo
situation. Electrochemical enzyme biosensors consist of electrodes modified with
one or more layers containing the immobilized enzyme, and possibly a redox
mediator. Operation depends very much on the surface exposed to solution, and
the nanostructure conditions the access of analyte to the enzyme active sites and its
electroactive products to the electrode substrate. Full characterization of the
assembly, both morphological, as well as structural and electrical—by electro-
chemical voltammetric and impedance techniques—is thus crucial to effective
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nanostructuring of the enzyme sensor electrode. These questions will be surveyed
and discussed in the light of recent research and some future directions will be
indicated.

6.1 Introduction

The characterization and applications of nanofilms on biologically modified elec-
trode surface processes opens up exciting new prospects for designing new forms of
matter. The search for efficient, rapid-response electrochemical biosensors has led to
the development of new strategies for their construction and to the search for better
materials, bearing in mind the requirements of fast electrode kinetics, fast mass
transport of analyte species and sensor simplicity. In this context, the importance of
microsystems, information acquisition and use, new materials, and sensor operation
can be identified [1]. Most of these questions are intimately linked to the general
umbrella of “nanotechnology”. Materials important for biosensors include nano-
structured biomaterials, metals and alloys, different forms of carbon, electroactive
and conducting polymers.

This chapter will illustrate recent developments on surface characterisation of
DNA and enzyme-based biosensors to complement information obtained by
electrochemical and impedance techniques.

In recent years increased attention has been focused on the ways in which
hazard compounds and anti-cancer drugs interact with DNA, with the goal of
understanding the toxic as well as chemotherapeutic effects of many molecules.
The development of fast and accurate methods of oxidative DNA damage detec-
tion is important.

The DNA-electrochemical biosensor is a very good model for evaluation of
nucleic acid damage, and electrochemical detection is a particularly sensitive and
selective method for the investigation of specific interactions [2—6]. The inter-
pretation of electrochemical data can contribute to elucidation of the mechanism
by which DNA is oxidatively damaged by hazardous compounds, in an approach
to the real action scenario that occurs in the living cell and without using animal
tests.

Some recent developments in materials for use in electrochemical enzyme
biosensors will illustrate the strategy of sensor build-up and sensor characterisation
by electrochemical and non-electrochemical techniques, illustrated by the type of
information that has been obtained at the molecular and nanometre levels. Any
construction strategy that is developed has to consider easy access to the enzyme
active site by the enzyme substrate and easy removal of products with a convenient
transduction mechanism for production of an electrical signal. Characterisation of
different approaches will be presented.
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6.2 DNA-Electrochemical Biosensors

The electrochemical sensor for detecting DNA damage consists of a glassy carbon
electrode with DNA immobilized on its surface. The possibility of foreseeing the
damage that hazard compounds cause to DNA integrity arises from the pre-
concentration of either the starting materials or the redox reaction products on the
DNA-biosensor surface, thus enabling electrochemical probing of the presence of
short-lived radical intermediates and of their damage to dsDNA.

AFM images were used to characterize different procedures for immobilization
of nanoscale DNA surface films on carbon electrodes before and after interaction
with hazard compounds. In the development and design of DNA-electrochemical
biosensors it is very important to know the DNA structure, the variations in DNA
conformations—polymorphisms—and to understand the electrochemical behaviour
of DNA molecules on the electrochemical transducer.

The electrochemical transduction is dynamic in that the electrode is itself a
tuneable charged reagent as well as a detector of all surface phenomena, which
greatly enlarges the electrochemical biosensing capabilities.

The development and characterization of a DNA-electrochemical biosensor
provides very relevant information because the mechanisms of DNA-hazard
compound interaction at charged interfaces mimic better the in vivo situation. The
detection of chemical compounds that cause irreversible damage to DNA is very
important, as they may lead to hereditary or carcinogenic diseases. Reactions with
chemical substances cause changes in the structure of DNA and the base sequence
leading DNA oxidative damage and to perturbations in DNA replication.

Electrode surface modification has been done by different DNA adsorption
immobilization procedures, electrostatic adsorption or evaporation, with the for-
mation of a monolayer or a multilayer DNA film. A very important factor for the
optimal construction of a DNA-electrochemical biosensor is the immobilization of
the DNA probe on the electrode surface [2-6].

There are different procedures that can be followed in the DNA-electrochemical
biosensor construction depending on the required application [7-9].

6.2.1 AFM Surface Characterization

A critical issue in the development of an electrochemical DNA-biosensor is the
sensor material and the degree of surface coverage. MAC Mode AFM images were
used to characterize different procedures for immobilising nanoscale double-
stranded DNA (ds-DNA) surface nanofilms on carbon electrodes, Fig. 6.1.

The results demonstrated that the hydrophobic interactions with the HOPG
surface, Fig. 6.1a, explain the main adsorption mechanism, although other effects
such as electrostatic and Van der Waals interactions may contribute to the
adsorption process.
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X, ¥: 1000 nm; z: 0.5 nm X, ¥: 1000 nm; z: 3 nm

(c) (d)
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Fig. 6.1 MAC Mode AFM three-dimensional images in air of: a clean HOPG electrode; b thin
layer dsDNA-biosensor surface, prepared onto HOPG by 3 min free adsorption from 60 pg/mL
ds-DNA in pH 4.5 0.1 M acetate buffer; ¢ multi-layer film dsDNA- electrochemical biosensor,
prepared onto HOPG by evaporation of 3 consecutive drops each containing 5 pL of 50 pg/mL
dsDNA in pH 4.5 0.1 M acetate buffer; d thick layer dsDNA-electrochemical biosensor, prepared
onto HOPG by evaporation from 37.5 mg/mL dsDNA in pH 4.5 0.1 M acetate buffer; e,
f Schematic models of dsDNA-anticancer drugs interaction using e the thin layer and f the thick
layer dsDNA-electrochemical biosensor. [From Ref. [5] with permission]

Three procedures used in the DNA-electrochemical biosensor preparation by
adsorption with or without applied potential, and their characterisation by AFM,
are shown in Fig. 6.1:
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1. Thin-layer dsDNA biosensor: prepared by immersing the GCE (d = 1.5 mm)
surface in a 60 pg mL~" dsDNA solution at +0.30 V applied potential during
10 min, Fig. 6.1b.

2. Multi-layer dsDNA biosensor: prepared by successively covering the GCE (d =
1.5 mm) surface with three drops of 5 pL each of 50 ng mL ™" dsDNA solution.
After placing each drop on the electrode surface the biosensor is dried under a
constant flux of N, Fig. 6.1c.

3. Thick-layer dsDNA biosensor: prepared by covering the GCE (d = 1.5 mm)
surface with 10 pL of 35 mg mL~"' dsDNA solution and allowing it to dry in
normal atmosphere, Fig. 6.1d.

The thin dsDNA nanolayer does not completely cover the HOPG electrode
surface and the network structure has holes exposing the electrode underneath. The
AFM image of a thin-layer dsDNA-electrochemical biosensor prepared on HOPG
substrate is given in Fig. 6.1b, showing that the dSsSDNA molecules adsorbed on the
HOPG surface form a two-dimensional lattice with uniform coverage of the
electrode.

The DNA network patterns define nanoelectrode systems with different active
surface areas on the graphite substrate, and form a nanobiomaterial matrix to
attach and study interactions with hazard molecules. Hazard molecules from the
bulk solution will also diffuse and adsorb non-specifically on the electrode’s
uncovered regions.

Both the multi- and thick-layer dsSDNA-electrochemical biosensor preparation
give rise to complete coverage of the electrode surface, with regularly dispersed
peaks and valleys as shown by AFM images, Fig. 6.1c and d.

The dsDNA-electrode surface interactions are stronger and these DNA layers
are very stable on the HOPG surface. The advantage of the multi-layer dsDNA
biosensor with respect to the thick-layer is the short time necessary for the multi-
layer ds-DNA-electrochemical biosensor construction.

6.2.2 Electrochemistry

DNA damage is caused by hazard compounds or their metabolites and leads to
multiple modifications in DNA, including DNA strand breaks, base-free sites and
oxidized bases. Oxidative DNA damage caused for instance by oxygen-free
radicals leads to multiple modifications in DNA, including base-free sites and
oxidised bases that are potentially mutagenic [10, 11].

The dsDNA biosensor has been used to study the influence of reactive oxygen
species (ROS) in the mechanism of DNA damage, disrupting the helix and causing
the formation of the biomarker 8-oxo-7,8-dihydro-2’'-deoxyguanosine (8-oxodGuo),
by a number of substances, such as neoplasic drugs, thalidomide, palladium com-
plexes, and antioxidants.
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The major products of DNA oxidative damage are 8-oxo-7,8-dihydroguanine
(8-oxoguanine, 8-oxoGua) which is the product of oxidation of guanine, the most
easily oxidised base in DNA, and 2,8-dihydroxyadenine (2,8-oxoAde) [12],
Fig. 6.2, and they can cause mutagenesis, hence the importance of screening for
their occurrence.

The 8-oxoguanine mutagenicity causes loss of DNA base pairing specificity
[12-14], and has been the subject of intensive research becoming widely accepted
as a biomarker of oxidative DNA damage and cellular oxidative stress [15, 16].
Oxidative stress in vivo is an imbalance between prooxidant and antioxidant
reactions which causes disruption of the redox mechanisms.
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Elevated levels of 8-oxodGua were found in the urine and lung tissues of smokers
[17] as well as in body fluids and DNA from human tissues of patients with disorders
such as cancer, atherosclerosis, chronic hepatitis, cystic fibrosis, diabetes, acquired
immunodeficiency syndrome, neurodegenerative and age-related diseases [18].

The electroactivity of 8-oxoGua and of 2,8-oxoAde was investigated by vol-
tammetry [19, 20] and their oxidation peaks were chosen to monitor DNA
oxidative damage since the oxidation potentials are lower than the oxidation
potentials of the respective bases, they are easily detectable electrochemically and
there is no overlap with the electrochemical oxidation peaks related to DNA.

The electrochemical detection of these biomarkers has been essential for
investigating the electrochemical mechanisms of DNA oxidative damage using the
DNA -electrochemical biosensor [21-39].

The approach described can be used for the understanding of ds-DNA inter-
actions with various complex agents and individual chemicals of environmental,
food and medical interest. The use of voltammetric inexpensive and fast detection
techniques for the in situ generation of reactive intermediates is, in a successful
way, a complementary tool for the study of biomolecular interaction mechanisms.

6.2.3 Applications of DNA-Electrochemical Biosensors

The investigation of DNA-drug interactions and the development of a fast and
accurate electrochemical method for the detection of DNA oxidative damage,
Fig. 6.3, especially from anticancer drugs used in cancer therapy or in the
development of new antineoplasic drugs, has been growing in recent years because
DNA-electrochemical biosensors are a very good model for simulating nucleic
acid interactions and to clarify mechanisms of action.

The interaction with dsDNA of several anticancer drugs [21-39], namely,
adriamycin, imatinib, thalidomide, Fig. 6.3, palladium compounds, and nucleoside
analogues was investigated using the dsDNA-electrochemical biosensor or the
interaction with dsDNA evaluated directly in the solution by electrochemical
techniques.

The damage to immobilised DNA causes the appearance of oxidation peaks
from DNA guanine and adenine purine bases which should always be detected. In
the case of occurrence of DNA oxidative damage, the oxidation peaks from the
biomarkers for oxidative damage, 8-oxoGua or 2,8-oxoAde, should be evaluated.

Aptamers are nucleic acid sequences (DNA or RNA) selected in vitro from
large combinatorial pools to bind to specific targets ranging from small molecules
to biological molecules and even cells. Aptamers exhibit a strong and specific
binding affinity towards their targets and can be simply synthesized via cost-
effective and readily automated routes, possessing significant advantages over
other recognition molecules, such as antibodies, due to their small size, chemical
simplicity, and flexibility.
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Fig. 6.3 a Chemical 0
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Fig. 6.4 Schematic
construction of redox- Solution
mediated electrochemical
enzyme biosensor

Enzyme layer
Mediator layer

One of the most preeminent examples of the in vitro selection of DNA
oligonucleotides for targeting a specific protein is the thrombin-binding aptamer
(TBA). Thrombin is a serine protease and a coagulation protein in the blood stream
that has many effects in the coagulation mechanism. Because of its importance in
anticlotting therapeutics, TBA has been studied extensively and has also been used
for the development of TBA-electrochemical biosensors for the detection of
thrombin [40, 41].

The dsDNA-electrochemical biosensors are sophisticated devices to investigate
hazard compounds and anticancer drugs-DNA interaction, and may contribute to
drug discovery and effective treatment for cancer through providing knowledge
about the efficacy of new drug binding with DNA and through information on the
mechanism of drug-DNA interactions, and to the understanding of DNA interac-
tion with molecules or ions and the mechanism through which DNA is oxidatively
damaged without using animal tests.

6.3 Electrochemical Enzyme Biosensors

Considerable effort has been dedicated to the investigation of different surface
modification processes of metal and carbon electrodes in the construction of
electrochemical enzyme biosensors with separate redox mediator and enzyme
layers, see Fig. 6.4.

The design must take into account the fact that a good redox mediator should
have fast electrode kinetics, be stable and have a low redox potential in order to be
easily regenerated in a biosensor context. Other modifications have concerned the
use of carbon nanotubes, either immobilized by electrostatic adsorption or cova-
lently immobilized in chitosan matrices and layer-by-layer self-assembly of
sensing structures. Some of these strategies will be addressed in the following
sections.

Recently a review has been published concerning the use of AFM, scanning
electrochemical microscopy (SECM) and quartz crystal microbalance (QCM) as
complementary techniques for the characterisation of enzyme-based bioanalytical
platforms [42].
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Fig. 6.5 Images of the
surface of 1.5 Q carbon film
electrodes. a AFM
topographical image of a
carbon film electrode.

b Confocal Raman spectrum.
[From Ref. 44 with
permission]
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6.3.1 Carbon Electrode Substrates for Enzyme Biosensors

Carbon is a commonly used solid electrode material as a substrate for biosensors,
particularly in the form of glassy carbon, due to its wide positive potential window,
mechanical stability, and low porosity. Carbon film, carbon composite and
graphite are other substrates which have been investigated. Carbon film electrodes
made from carbon film electrical resistors have been extensively employed by us
as electrode substrate [43], obtained by pyrolytically coating a ceramic cylindrical
substrate with a thin carbon layer.

Characterisation has been carried out by voltammetry, electrochemical
impedance spectroscopy (EIS), and most recently by atomic force microscopy
(AFM) and confocal Raman spectroscopy [44]. A typical AFM image of the
carbon film surface is shown in Fig. 6.5a, demonstrating the roughness arising
from the ceramic substrate and Fig. 6.5b, clearly shows the graphitic “D” and “G”
bands which appear for thicker carbon films, corresponding to lower electrical
resistance, the graphitic nature being essential for electrochemical behaviour
similar to that of bulk conducting carbon electrodes.

The understanding of the electrode processes occurring is reliant on electro-
chemical data or on microscopic/spectroscopic information. In order to obtain
further complementary, simultaneous information, investigations have begun with
platinum or gold piezoelectric quartz crystals further coated with carbon [45].
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Fig. 6.6 Complex plane 8
electrochemical impedance C/Au
spectra of a carbon-film 0.1Hz

coated piezoelectric quartz
crystal; potentials are versus
saturated calomel electrode.
[From Ref. 45 with
permission]
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These can then be mounted into an electrochemical quartz crystal microbalance
(EQCM) so that mass and viscoelastic changes can be monitored as a function of
the applied potential or current; the sensitivity is of the order of 4 ng cm™2.
Besides AFM, EIS was also employed for characterisation, as illustrated in
Fig. 6.6. which shows the response at the carbon film coated quartz crystal at
various potentials and is similar to that at other forms of carbon. The films are
robust and are promising for use to study a variety of adsorption and deposition

processes associated with the EQCM, in particular for biosensor applications.

6.3.2 Redox Mediator-Modified Electrodes

Redox mediators based on films of metal hexacyanoferrates [46, 47], and on
polyphenazine polymers [48] are amongst the most common. The former are
prepared in the appropriate solution as modifier films by electrodeposition or
autocatalytic deposition on electrode substrates. The latter are formed by elec-
tropolymerisation using potential cycling, and retain the redox properties of the
corresponding monomers—the fact that the redox centres are fixed on the elec-
trode surface aids in increasing the effective concentration (and thus sensitivity) as
well as permitting an enzyme layer to be constructed on top of the film. A review
of the use of polyphenazines in sensors and biosensors has recently been published
[48]. Poly(neutral red) (PNR) was used in the construction of a number of bio-
sensors using oxidase enzymes, described together with a discussion of the
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mechanism of action in [49, 50], and application in a mixture with carbon nano-
tubes to enhance the sensitivity [51]. The main redox polymer peak is around —
0.4 V versus saturated calomel electrode (SCE) and this dictates its use as a
successful redox mediator; such films are also robust and stable with time. Brilliant
cresyl blue has also been recently described as monomer molecules trapped within
a sol-gel film (see below) for a peroxidase biosensor [52] and as a polymer film for
redox-mediated biosensor applications [53].

One of the main questions to explore is how polymer nucleation and growth are
influenced by the electrode substrate and by the electrolyte solution. In experi-
ments linked to some studies undertaken in room temperature ionic liquids, the
formation of PNR was also investigated. Room temperature ionic liquids (RTILs)
are excellent for electrochemistry in the sense that they are solvent and electrolyte
at the same time; however, besides being hygroscopic, their high viscosity makes
diffusion much slower and thus the -electropolymerisation rate, polymer
morphology and structure, were significantly influenced as shown voltammetri-
cally [54]. This illustrates the potential of this approach for tuning the nano-
structure of the polymer films by changing the polymerisation medium, and opens
up interesting opportunities for the future.

6.3.3 Enzyme Immobilisation Strategies for Biosensors

The immobilisation of enzymes in the enzyme layer should be carried out to allow:

— easy access of the enzyme substrate to the enzyme active centre whilst allowing
the active site to change its size and conformation during interaction,

— easy release of the reaction products and their diffusion to a location where they
are detected by oxidation or reduction.

Thus, immobilisation should not lead to enzyme deactivation, make access to
the enzyme active site difficult or let enzyme leach into the surrounding solution.
The more common methodology for immobilisation of enzymes on electrode
surfaces involves cross-linking with glutaraldehyde, aided by the protein bovine
serum albumin (BSA) in order to increase the interaction with the enzyme
molecules. In this section two other strategies will be described.

Enzyme encapsulation in sol-gel oxysilane networks, formed from oxysilane
precursors which undergo condensation reactions to form a polymer network,
produces nanocages within which the enzyme is encapsulated. Rather than tradi-
tional precursors such as methyltrimethoxysilane (MTMOS) the use of 3-
aminopropyltriethoxysilane (APTOS) has been explored. This monomer contains
an amino group that is able to interact with the enzyme to reduce any leaching. The
monomer 3-glycidoxypropyltrimethoxysilane (GOPMOS) has also been investi-
gated and which contains a long spacer arm with an epoxy group, thus increasing
the size of the nanocages so that the conformation of the enzyme molecule can
more easily change as needed during reaction [55].
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Fig. 6.7 AFM topographical
images in air of sol-gel
deposited onto HOPG:

a MTMOS, b APTOS, and
¢ GOPMOS. [From Ref. 56
with permission]
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It was shown that significant benefits can be obtained from the use of APTOS/
GOPMOS mixtures, and which avoid the cracking that can occur with sol-gel
networks on drying.

Investigations of the morphology were carried out by AFM without mediator
film [56], see Fig. 6.7, and with poly (neutral red) [57]. It was convincingly shown
that the pores were smaller and less numerous in both cases using the APTOS/
GOPMOS combination. Thus, in order to prevent leaching, thin external coatings
of inert, semipermeable polymers were applied, characterised by voltammetry and
EIS and tested [58]. The best of these was polyurethane- although biosensor
response was one half of what it was without the polymer layer, it remained almost
constant after 2 months of use.

Other recent examples of the formation of oxysilane sol-gel biosensors and
characterisation of the assembly build-up using electrochemical and AFM tech-
niques are found in the recent literature for glucose [59], lactate [60] and uric acid
[61].

A second enzyme immobilisation strategy uses chitosan matrices and multi-
walled carbon nanotubes (MWCNT) functionalised with carboxylate groups [62].
Chitosan is a natural linear polysaccharide from glucoseamine, synthesized from
chitin, which is found in crustaceans. For the best biosensor, mixtures of chitosan
and MWCNT were placed onto the surface of a carbon-epoxy composite electrode;
this was followed by a mixture of enzyme with BSA and as cross-linking agent, a
combination of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide followed by
N-hydroxysuccinimide. Covalent binding of the chitosan as well as the MWCNT
on the electrode surface was achieved. This is a robust structure which, with
glucose oxidase as model enzyme, gives a very good response to glucose [63]. The
presence of the multiwalled nanotubes increases the sensitivity and enables the
sensor to be used at a potential of —0.2 V versus SCE (peroxide reduction) without
the necessity of redox mediators. An alternative strategy involves modifying the
carbon nanotubes in the chitosan matrix directly with redox mediator, in [64] with
a pentacyaneferrate derivative. .

6.3.4 Direct Electron Transfer and Layer-by-Layer Self-Assembly

In a future, ideal enzyme biosensor, the enzymes would be immobilised in such a
way that all the enzyme molecules react with enzyme substrate diffusing easily
from solution into the enzyme layer and the products of the enzyme reaction reach
the sensor transducer surface without any diffusion limitations, which leads to
efficiencies approaching 100 %. Ideally, there should be no redox mediator and
direct electron transfer occurs. Two recent examples are a biosensor platform
based on lactate oxidase where characterisation was done by AFM and SECM [65]
and glucose oxidase using functionalised nanotubes within a dihexadecylphos-
phate film (DHP) [66]—in this latter case, SEM shows clearly CNTs distributed
homogeneously in the DCP film, Fig. 6.8.
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Fig. 6.8 SEM images of DHP and CNTs-DHP on the surface of GC electrode.SEM of
CNT-DHP. [From Ref. 66 with permission]

Glucose oxidase was also adsorbed onto hydrophilic and positively-charged
plasma-polymerised thin film surfaces, being characterised by AFM, QCM and
electrochemistry [67], also functioning as a glucose biosensor.

Molecularly-thick sensor layers reduce diffusion limitations, and the con-
struction of multilayer sensors self-assembled using the layer-by-layer technique is
one of the ways in which this can be achieved.

Two examples of this layer-by-layer strategy are illustrated. In the first, elec-
trochemical enzyme biosensors for glucose were prepared. Indium tin oxide (ITO)
glass electrodes were modified by self-assembly using an immersion technique
with up to three bilayers of polyamidoamine (PAMAM) dendrimers containing
gold nanoparticles of diameter ~3 nm and poly(vinyl sulfonate) (PVS). The gold
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Fig. 6.9 AFM topographical images in 2D and 3D for AuQCM-(MPS(—)/PPD(+)/{HA/Mb},,,
with n =a 2 b 4 and ¢ 6 bilayers. [From Ref. 70 with permission]

nanoparticles were covered with cobalt hexacyanoferrate that functioned as a
redox mediator, allowing the modified electrode to be used to detect hydrogen
peroxide, at 0.0 V versus SCE [68]. Glucose oxidase enzyme was then immobi-
lised by crosslinking with glutaraldehyde and BSA. The optimised biosensor, with
three bilayers, has high sensitivity and operational stability, with a detection limit
of 6.1 uM and showed good selectivity against interferents.

Secondly, other research has involved the probing of immobilised biological
species. The layer-by-layer self-assembled film construction of the biocompatible
polymer hyaluronic acid (HA) and single heme redox protein, myoglobin (Mb)
was done on gold electrode substrates, both gold quartz crystal electrodes (EQCM)
and bulk gold (Au(bulk)) electrodes [69]. The electrochemical properties of the
hyaluronic acid/myoglobin films ({HA/Mb},) were investigated after each
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deposition step using cyclic voltammetry, quartz crystal microbalance and elec-
trochemical impedance spectroscopy [70, 71]. AFM was particularly helpful in
demonstrating the number of bilayers necessary to enable the substrate surface to
be completely covered, see Fig. 6.9. Other investigations have shown this to be
generally the case. The voltammetric response demonstrated the presence of free
haemoglobin in the adsorbed multilayer films.

The layer-by-layer technique with the negative “hyaluronate” form of the
polymer HA, can be applied for the immobilisation of other positively charged
biomolecules, as shown in [72]. This enables the inexpensive and easy construc-
tion of very stable films, with the use of very small amounts of enzyme or protein
which augurs well for future sensor construction.

6.4 Conclusion

The use of complementary surface analysis tools to understand the electrochemical
phenomena for DNA and enzyme electrochemical biosensors is of paramount
importance for the design of improved, more efficient and robust sensors.

The electrochemical DNA-biosensor is a complementary tool for the study of
biomolecular interaction mechanisms of compounds with DNA, enabling the
screening and evaluation of the effect caused to DNA by health hazardous com-
pounds and oxidising substances. The characterization of a DNA-electrochemical
biosensor provides very relevant information because the mechanisms of
DNA-hazard compound interaction at charged interfaces mimic better the in vivo
situation, opening wide perspectives using a particularly sensitive and selective
method for the detection of specific interactions.

The goal of achieving direct electron transfer for enzyme biosensors requires
detailed nanostructuring of the surface and orienting of the enzyme molecules to
maximise efficiency. Microscopic techniques play a very significant role in
enabling this to be carried out. Using these tools, particular importance can be
expected to be given to layer-by-layer assembly in the future.
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Chapter 7

Electrochemical-Surface Plasmon
Resonance: Concept and Bioanalytical
Applications

Danielle C. Melo Ferreira, Renata Kelly Mendes
and Lauro Tatsuo Kubota

Abstract The combination of surface plasmon resonance (SPR) and electro-
chemical methods has become a powerful technique for simultaneous observation
of optical and electrochemical properties at substrate/electrolyte interfaces. The
fundamental aspects of the electric potential effects on surface plasmons are
introduced and the use and applications of this combined electrochemical and
optical technique are discussed. Electrochemical-Surface Plasmon Resonance
(ESPR) has several advantages, such as: spatial resolution, which is particularly
attractive for studying heterogeneous reactions; optical properties of reactive
species that may assist identification action mechanisms, and high surface sensi-
tivity for studying surface binding of the reaction species. The electrochemistry-
SPR spectroscopy technique has also been used for many applications, including
bio-analytical systems that will be further described in more detail.
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7.1 Introduction

Since surface plasmon resonance was first proposed in the 1980s to be used as a
label-free technique for direct monitoring of specific antibody and antigen inter-
actions, the popularity of this technology for biosensor applications has grown
rapidly and resulted in a vast array of platforms available for research laboratory
settings [1]. SPR can in situ detect the concentrations of biomolecules during the
binding process, being a powerful surface-sensitive characterization method.
Furthermore, the kinetic data including the equilibrium constant, the association
and dissociation parameters between biomolecules can also be obtained by sim-
ulating SPR kinetic curves [2]. Today, SPR is one of the most frequently used
techniques to monitor interfacial reactions at the solid/liquid interface. The
methodology is suitable for several types of analysis. However, its sensitivity
chiefly depends on the mass change on the SPR chip [3].

The combination of the electrochemical and SPR techniques can provide
multidimensional information on the properties and characteristics of the electrode
surface and has proven to be useful. Hence, electrochemical methods, such as
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS),
which present advantages such as: high sensitivity and simplicity, are very
effective to monitor the characteristics of electrode/electrolyte interfaces [4].

Electrochemical-SPR measurements have been used to characterize structural
and optical properties involving the analysis of biosensors. The simultaneous
approach is logical since both methods are—from an instrumental point of view—
highly complementary and have found widespread applications in different
research domains, including studies of the electrochemical double layer, the
investigation of the electrochemical doping process, as well as electrical field
enhanced studies [5, 6].

Some studies express that SPR is an efficient to examine the optical property
changes during the electropolymerization of electroactive monomers. There are
many advantages by combining electrochemistry and SPR measurements to
evaluate polymer formation. For example, the refractive index or film thickness
changes of polymers during electropolymerization and ion incorporation processes
upon doping and dedoping of the films can be elucidated by the combination of
both techniques to develop a platform to immobilize biomolecules [7].

Based on the wide field of the SPR applications associated with investigating
these processes, as well as on the various promising future uses and applications,
this work presents and discusses the basic principles of the use of the SPR tech-
nique in the investigation of electrochemical processes, featuring the relevance of
the concomitant analysis of optical and electrochemical processes described as
cases studies.
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7.2 Surface Plasmon Resonance

The physical phenomenon of surface plasmon resonance observed by Wood in the
beginning of the twentieth century has found its way into practical applications in
sensitive detectors, capable of detecting sub-monomolecular coverage. Wood
observed a pattern of different dark and light bands in the reflexcited light, when he
shone polarized light on a mirror with a diffraction grating on its surface. Physical
interpretation of the phenomenon was initiated by Lord Rayleigh, and further
refined by Fano, but a complete explanation of the phenomenon was not possible
until 1968, when Otto, and in the same year Kretschmann and Raether reported the
excitation of surface plasmons. Since then, applications of SPR-based sensors to
biomolecular interaction monitoring are developed [8—13].

Surface plasmon resonance is an optical technical that measure the resonance
coupling of incident light to the propagating surface plasmon. A planar structure
consisting of a thick metal film sandwiched between two semi-infinite dielectrics
supports two independent surface plasmons at the opposite boundaries of the metal
film. If the metal film is thin, coupling between the surface plasmons at opposite
boundaries of the metal film can occur, giving rise to mixed modes of electro-
magnetic field symmetric and antisymmetric surface plasmons. The symmetric
surface plasmon exhibits a propagation constant and attenuation, which both
increase with increasing metal film thickness. The propagation constant and
attenuation of the antisymmetric surface plasmon decrease with increasing
thickness of the metal film. The symmetric surface plasmon exhibits a lower
attenuation than its antisymmetric counterpart, and therefore it is referred to as a
long-range surface plasmon, whereas the antisymmetric mode is referred to as a
short-range surface Plasmon (Fig. 7.1) [10, 14-17].

Surface plasmon resonance is an excellent method to monitor changes of the
refractive index in the near vicinity of the metal surface. When the refractive index
changes, the angle at which the intensity minimum is observed will shift as indicated
in Figs. 7.2a and b, where (a) depicts the original plot of reflected light intensity
versus incident angle and (b) indicates the plot after the change in refractive index.
Surface plasmon resonance is not only suited to measure the difference between
these two states, but can also monitor the change in time, if one follows in time the
shift of the resonance angle at which the dip is observed. The Fig. 7.2a depicts the
shift of the dip in time, a so-called sensorgram. If this change is due to a molecular
interaction, the kinetics of the interaction can be studied in real time.

7.3 Kinetic Parameters

One of the most important benefits of direct detection using SPR biosensor tech-
nology is the determination of kinetics of molecular interactions. Reaction rate and
equilibrium constants of interactions can be determined, e.g. the interaction
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Fig. 7.1 Diagram of surface plasmon excitation. The bulk propagation vector, p-polarized light,
increases nl times inside a prism with a determined refractive index. By changing the angle of
incidence, the component of the propagation vector parallel to surface can be matched to the
surface plasmon wave vector on a metal surface (evanescent field) with a refractive index
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Fig. 7.2 a A sensorgram: the angle at which the dip is observed versus time. First, no change
occurs at the sensor and a baseline is measured with the dip at SPR angle A. After injection of the
sample (arrow) molecules will adsorb on the surface resulting in a change in refractive index and
a shift of the SPR angle to position B. b The adsorption—desorption process can be followed in
real time and the amount of adsorbed species can be determined by the change of refractive index

A + B — AB can be followed in real time with SPR technology, where A is the
analyte and B is the ligand immobilized on the sensor surface. In addition, kinetic
experiments can provide information on the thermodynamics, e.g. on the binding
energy of processes. The typical range of the association and dissociation constant
shows large variations and is dependent on, among other things, the temperature
[18-20].

The use of SPR for the measurement of binding parameters, mainly in bio-
logical analysis, has been reported. These parameters include reaction kinetics (ka,
kd), binding constants and determining the active concentration of molecules.
When experiments are performed carefully, SPR biosensors can also be used to
determine the binding stoichiometry and mechanism of the interaction [21-26].
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Surface plasmon resonance is a very sensitive optical technique. However, the
maximum sensitivity that can be obtained in several applications is limited by the
amount of analyte or the molecular weight of those directly binded or adsorbed to
the surface of the SPR substrate. Thus, the detection of small molecules can be
carried out using a different strategy. Most often, small molecules are detected in a
sandwich, competition or inhibition assay format [27-29].

SPR biosensors are sensing devices which consist of a biorecognition element
that recognizes and is able to interact with a selected analyte and an SPR trans-
ducer, which translates the binding event into an output signal. The biorecognition
elements are immobilized in the proximity of the surface of a metal film
supporting a surface plasmon. In addition, biorecognition elements need to be
immobilized on the sensor surface without affecting their biological activity.
In principle, the molecules can be immobilized either on the surface or in a three-
dimensional matrix [30, 31].

The change in the refractive index produced by the capture of biomolecules
depends on the concentration of analyte molecules at the sensor surface and the
properties of the molecules. Sensor response is proportional to the binding-induced
refractive index change [32].

7.4 Surface Plasmon Resonance and Electrochemistry

All sensing techniques demonstrate specific strengths, yet sometimes overlapping,
areas of application. In this case, both electrochemical and optical techniques, can
allow analysis in real-time, in situ, non-destructive, label-free, thin films and
interfaces analysis [33-35].

Electrochemical reaction occurring at the electrode surface is a heterogeneous
process. Therefore, it is possible to detect the electrochemical process by using the
SPR technique. SPR is sensitive to a range of processes taking place on or near a
sensor chip. Thus, the combination of electrochemistry and SPR, the thin metal
film on the substrate serves not only to excite surface plasmons, but also acts as a
working electrode for electrochemical detection or control (Fig. 7.3). One
advantage of the ESPR configuration is the ability to simultaneously obtain
information about the electrochemical and optical properties of films with thick-
nesses in the nanometer range.

This interaction between SPR and electrochemistry can be relevant for
important processes in the biological field, mainly for analyses that study the
interactions with antigen—antibody, nucleic acids, cells, enzymes, micro-organ-
isms, etc. [36-38].

Electrochemical-SPR is also a powerful tool for monitoring the build-up of
complex interfacial architectures along with an in situ electrochemical charac-
terization. For surface-attached biomembrane mimicks, SPR combined with
electrochemical impedance spectroscopy is well established. ESPR has often been
applied to study the formation and the properties of thin films and mono/multi-
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biolayers using, for example, self-assembly or electro-polymerization methods and
also to characterize ultra-thin film of conducting polymers and coupling principles
to investigate electrochemical reactions with integrated optics and waveguide
sensors [20, 39-47].

7.5 Bioanalytical Applications

Numerous detection strategies have also been developed for biosensing applica-
tions based on combining electrochemistry with SPR detection. Although most of
the combined electrochemical and SPR studies utilized uniform electrode surfaces
with traditional SPR detection, there have been several examples of combined
electrochemical systems with SPR imaging, where the optical response of various
locations on the electrode surface are investigated simultaneously. Simultaneous
electrochemical and SPR analysis has been extensively used in the characterization
of various conducting and electroactive polymer films to provide information
about polymer assembly, redox transformations, electrochemically catalyzed
processes and others applications [48, 49].

Moreover, the combination of SPR and an electrochemical allows for in situ
kinetic investigation, a doping—dedoping process, and optical property changes
during electropolymerization of electroactive monomers and has also been
recently used in immunosensor applications [45, 49-52]

Gupta et al. [53] constructed a molecularly imprinted polymer (MIP) based on
in situ electrochemical polymerization of 3-aminophenylboronicacid (3-APBA) on
the bare gold chip for the detection of staphylococcal enterotoxin B (SEB), which
is used as warfare agent. The control of the electropolymerization step was
accomplished using SPR and cyclic voltammetry (CV) recorded simultaneously
for 3-APBA with and without SEB (NIP). It was possible to calculate the SPR
angle shift after polymerization and after SEB had been removed (MIP). The
profile of CV in both cases was important to conclude the change in the sensor
with biological molecule and after washing to remove. The MIP presented
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excellent sensitivity, with a detection limit of 0.05 fmol L™' and good selectivity
for similar toxins.

Also using a polymer as immobilization support, Dong et al. [54] reported the
use of measurements of SPR and cyclic voltammetry simultaneously as detection
systems for an immunosensor for the first time. The techniques were used to
monitor the relationship between thickness of polymer film and growth of cycle
number. Furthermore, it was possible to compare the immunosensor responses
obtained by SPR and CV, as sensitivity and detection limit.

The formation and characterization of ultrathin film formed by poly(3-amino-
benzoic acid) (PABA) was carried out by Sriwichai et al. [55] using ESPR for the
development of immunosensor to detect human immunoglobulin G. With the aid
of simultaneous measurements of SPR and CV it has been become possible to
calculate the thickness and dielectric properties of a polymeric film, allowing that
immunosensor responses can be related to its surface morphology. Another ESPR
biosensor also based on PABA was developed by Baba et al. [56] to detect
adrenaline. The polymer acts as a specific reaction site for adrenaline, presenting
different electrochemical and SPR responses to those for uric and ascorbic acids,
which are major interferences of the catecholamine studied. The two techniques
were used to evaluate the electrodeposition of PABA and to obtain the calibration
curves and the detection limit was set to 100 pmol L™,

The simultaneous measurements of SPR and electrochemical impedance were
carried out using a flow injection analysis (FIA) cell by Bart et al. [S]. The FIA
system was tested for interferon-y detection using liposome bounded to the sec-
ondary antibody to increase the amount of mass for SPR detection. Liposome
binding did not yield an impedance shift, but the different concentrations of
interferon caused an increase in the impedance signal. In this way, it was possible
to use the impedance-SPR measurements in this system. This immunosensor
indicates the usefulness of the FIA cell for investigations of the ESPR method as a
biosensor development.

To monitor the electrodeposition of ZnO film on a gold surface to prepare a
glucose biosensor, Singh et al. [57] used an ESPR system. While the film was
formed and accomplished using CV, the thickness was calculated by the SPR
angle shift. This film was used to immobilize glucose oxidase via EDC/NHs
activation of modified surface [6]. The work indicates promising applications of
the system as a tool for studying bio-specific interactions and the development of
others biosensors based on SPR detection.

The poly-o-phenylenediamine film and gold nanoparticles were combined to
construct a biocompatible support for the immobilization of immunocompounds.
The polymer film growth and the assembling of various sizes of gold nanoparticles
were real-time monitored by SPR and electrochemical methods [4].

In this case, Xin et al. [58] applied scanning electrochemical microscopy
(SECM) combined with SPR, SECM-SPR, to monitor in real-time the incorpo-
ration of Cu®* by apo-metallothionein (apo-MT) immobilized on the SPR substrate
and the release of Cu®* from surface-confined metallothionein. The combination
between these techniques allows detecting the structural and compositional



134 D. C. Melo Ferreira et al.

changes on enzymes during their sequestration and release processes. The high
sensitivity of the SPR instrument facilitates in situ measurements of infinitesimal
changes in the structure of surface-confined protein molecules, at the same time as
the SECM provides the versatility of controlling the local milieu that affects the
protein property and function. The enhanced mass transfer rate at the SECM tip
also improves the effect of limited mass transfer on the determination. It was
possible to control with this coupled technique to control the extent of metal
binding and also the binding stoichiometry and dynamics to be quantitatively
determined. The same group also employed SECM-SPR for in situ monitoring of
the incorporation of Hg** by apo-metallothionein immobilized on the SPR sub-
strate. Hg?* was anodically stripped from the Hg-coated SECM Pt tip and
sequestered by apo-MT upon its diffusion to the SPR substrate. The high sensi-
tivity of the SPR instrument enabled the detection of the changes in the compo-
sition and structure of apo-MT molecules that were induced by the metal
sequestration of Hg”*. It was possible to know the saturation co-ordination number
of Hg** binding to apo-MT. The results observed by Xin et al. [59] are potentially
useful for a deeper understanding of the detoxification mechanism of MT to
mercury ion.

Schlereth (1999) used the SPR technique coupled with cyclic voltammetry to
characterize monolayers of cytochrome-c and cytochrome-c-oxidase adsorbed on
gold surfaces modified with different alkanethiol self-assembled monolayers [60].
Different behaviors for enzyme adsorption processes in the modified gold surface
were observed. For modified mercapto propioni acid electrodes, the response
observed for the cytochrome-c adsorbed may be explained as arising from a
potential-dependent adsorption and for cytochrome-c-oxidase appears a confor-
mational change between the two states of the adsorbed oxidase, which gives rise
to two species with different electrochemical behaviour.

ESPR can be used in order to distinguish the enzyme activity of conducting
polymer/glucose oxidase films, constructed by layer-by-layer processes, from
changes in the film thickness and the dielectric constant. The results obtained
indicated which doped state had the highest reflectivity change or was more sensitive
for the optical signal Baba et al. [56]. This is not counterintuitive because the
polypyrrole film is oxidized in the glucose sensing (reduction) event and thus the
developed state shows the highest change, from a dedoped state to a more doped
state [48, 61]. The results obtained also highlight the fact that the change of
reflectivity can also be controlled by the doping state of the conducting polymer
films.

Heaton et al. [62] used surface plasmon resonance spectroscopy to monitor
hybridization kinetics for unlabeled DNA in tethered monolayer nucleic acid films
on gold in the presence of an applied electrostatic field which can be used, in a
reversible manner, to increase or decrease the rate of oligonucleotide hybridization.

The visualization of the electrochemical reaction distribution on structured and
modified electrodes provides instant information about the relationship between
electrochemical activity and physical structure. Iwasaki et al. [63] constructed an
electron mediator type enzyme sensor using horseradish peroxidase on a gold
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electrode that also served as an SPR substrate. Thus, they used this substrate to
perform the optical mapping of enzyme activity with electrochemical activation
and controlled the electrochemical states of the mediator in cyclic voltammetry
and imaged the degree to which the charged site density changed.

Wang et al. [4] used the electrochemical surface plasmon resonance method to
investigate enzyme reactions in a bilayer lipid membrane based on immobilizing
horseradish peroxidase in theses membrane lipids supported by the redox poly-
aniline. After each step of the detection of peroxide hydroxide carried out by
peroxidase, the SPR sensor surface was completely regenerated by electrochem-
ically reducing the oxidized polyaniline to its reduced state.

Although surface plasmon resonance-electrochemistry-based bioanalytical
assays are most commonly associated with surface characterization, protein
interaction analysis and drug discovery has gained increased interested. The main
advantages of ESPR bioanalysis of SPR-based detection over alternative analytical
techniques such as microbiological assays include ease of use, simpler and faster
sample preparation and reduced assay time from days to minutes in some cases.
SPR biosensors offer the clearest advantages in speed over alternative techniques
that rely on biological readouts such as inhibition of microbial growth for
detecting antibiotics.

7.6 Conclusion

This chapter describes a brief approach of some promising applications of surface
plasmon resonance in the investigation of electrochemical processes in several
bioanalytical applications with high sensitivity and data sampling in order to
enable the ESPR as an excellent setting for research of interfacial processes in situ
and in real time. From the above, it shows the promising nature of the combined
use of surface plasmon resonance with electrochemical techniques, not only
because of the sensitivity of the SPR technique, but also in view of the possibility
of the future development of highly sensitive, highly specific, multi-analysis and
nanoscale biosensors. Any advancement in this field will have an effect on the
future of diagnostics, environmental and health care due to the range of oppor-
tunities it provides for a more complete study of the interface electrode-solution.
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