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Preface

The goal of this brief is to introduce modern electrochemical analytical techniques
and the applications for the analysis of proteins and cells. So far, a large number of
papers have been reported on the analysis of proteins and cells, which play impor-
tant roles in all biological sciences, such as biochemistry, cell biology, molecular
biology as well as biomedical fields like cancer research. An in-time summary is
urgently needed. We therefore planned to publish a brief on this topic. The main
emphasis is on the principles of electrochemical strategies and the practical utility
of the detection systems. This brief offers an up-to-date, easy reading presentation
of recent advances on the subject and is suitable to be used as a supplement for
graduate-level courses in analytical chemistry, biochemistry, biophysics, biotech-
nology, biomedical engineering, etc. It may also help young scientists to get an
overview on this topic.

Genxi Li
Peng Miao
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Chapter 1
Introduction

Abstract The analysis of proteins and cells is of great importance in all areas
of life sciences, so it has received more and more research interests of the scien-
tists from various fields. Meanwhile, a number of different techniques have been
exploited for the analysis of proteins and cells including mass spectroscopy, elec-
trochemistry, ultraviolet (UV) spectrophotometry, flow cytometry and so on.
Among these techniques, electrochemistry is a powerful means to study the elec-
tron transfer process in biological systems. With simple, rapid, sensitive and eas-
ily operated features, electrochemical technique has been applied in the related
research fields for many years. In the meantime, some correlative techniques such
as surface modification, molecular self-assembly, molecular recognition and nano-
technology have been developed rapidly, which have further broadened the applica-
tions of electrochemical technique in the field of the analysis of proteins and cells.

Keywords Electrochemical analysis ¢ Protein activity * Cell detection °
Analytical chemistry  Nanotechnology ¢ Fundamental of electrochemistry

Along with the explosive development of human society and technology, more and
more reliable, efficient and conveniently operated assays of various substances are
urgently needed. In the fields of biology and medicine, analysis of proteins and
cells has attracted particular interests.

Proteins are essential components of cells and organisms. Protein is consisted
of polypeptides, which are linear polymer chains of amino acids. They usually
fold into a globular or fibrous form. Enzymes are a major class of proteins cat-
alyzing metabolic reactions, while some non-enzyme proteins have structural or
mechanical functions. For example, actin and myosin in muscles are indispensable
proteins in motor system.

Proteins participate in almost all processes inside and outside cells, such as cell
signaling, cell cycle, immune responses and so on. For instance, mitogen-activated
protein kinases pathway is an important cell signaling pathway, where three pro-
tein kinases are involved [1]. Through consequent phosphorylation by the kinases,
the upstream signals can be transmitted to the downstream response molecules
[2, 3]. The pathway plays a critical role in the regulation of gene expression and

G. Li and P. Miao, Electrochemical Analysis of Proteins and Cells, SpringerBriefs 1
in Molecular Science, DOI: 10.1007/978-3-642-34252-3_1, © The Author(s) 2013



2 1 Introduction

cytoplasmic functional activities. Abnormal protein expression levels may disturb
cell functions and lead to a lot of diseases [4]. Therefore, the analysis of proteins is of
significant importance in both scientific research and medical diagnosis of diseases.

The cell is the so-called building block of life, so it is highly necessary and
greatly important to analyze the functional components inside cells and assay
how cells work in different stages. The most direct way for the analysis of cells
is to observe them under microscopes, including optical microscope, transmis-
sion electron microscope, scanning electron microscope, fluorescence microscope
and confocal microscope. There are also some other techniques for the analysis of
cells, such as immunohistochemistry, computational genomics, transfection, flow
cytometry, immunoprecipitation and so on.

However, the applications of many traditional analytical techniques are usu-
ally restricted due to time-consuming process, complicated operation, low sensi-
tivity and/or high cost. Electrochemistry may overcome many disadvantages of
those traditional methodologies. Besides the dramatically improved sensitivity and
selectivity, electrochemical method may have some inherent benefits for biological
research, since many biological events like signal transduction, energy conversion
and metabolism concern with the changes of current or potential in vivo. So, elec-
trochemical analysis can intuitively reflect the oxidation or reduction of specific
analytes such as ions, oligonucleotides and proteins [5—7], and the measurements
of electrochemical parameters like potential, current or charge can be used for
many more analytical purposes [8—10]. Therefore, as an interdisciplinary field
from electrochemistry, analytical chemistry, biochemistry, biophysics, biomedi-
cine, etc., electrochemical analysis of proteins and cells has attracted broad and
extensive research interests.

The origin of biological analysis with electrochemical technique can be traced
to 1962, when Clark and Lyons proposed a novel design combining an enzyme
(glucose oxidase) and an oxygen electrode for the electrochemical detection of
glucose [11]. Since then, more and more sophisticated electrochemical systems
have been fabricated for the biological analysis based on the fundamental of elec-
trochemistry. Nevertheless, since the electron transfer rates between proteins and
electrode surfaces are usually prohibitively slow due to the busying of the elec-
troactive prosthetic groups in the electrically insulated peptide backbones and the
unfavorable orientations and adsorptive denaturations of proteins, electrochemical
analysis with proteins is often difficult to be performed, not to mention the assay
of the biological macromolecules themselves [12, 13].

In recent years, with the rapid development of protein electrochemistry together
with the related technologies such as surface modification, molecular recognition
and assembly, nanotechnology, etc., electrochemistry is gradually moving beyond
some disadvantages in the study of proteins. Meanwhile, many of the molecular
bases of biological processes and/or diseases are disclosed. Therefore, more and
more analysis of proteins, and even cells, with electrochemical technique has been
conducted [14-21]. In this Springer brief, the authors will give an overview to this
interdisciplinary field based on the results of some typical studies carried out by
the authors and some colleagues.
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Chapter 2
Theoretical Background of Electrochemical
Analysis

Abstract An electrode is a conductor or semiconductor, which directly contacts the
electrolyte solution. In an electrochemical system, the input and output are both real-
ized through an electrode. The substrate materials of the commonly used electrodes
include noble metals (platinum, gold, silver, etc.), mercury, various kinds of carbon
materials and semiconductor materials. Since the electron transfer rate between pro-
teins and electrode surfaces is usually prohibitively slow, due to the burying of the
electroactive prosthetic groups of most proteins in the electrically insulated peptide
backbones and adsorptive denaturation of proteins on electrode surface, chemically
modified electrodes (CMEs) are developed to facilitate the electrochemical analy-
sis of the biomacromolecules and cells. Meanwhile, different electrochemical tech-
niques are employed to meet the requirements of different bioassays.

Keywords Electrode substrates ¢ Chemically modified electrodes ¢ Cyclic
voltammetry ¢ Differential pulse voltammetry ¢ Electrochemical impedance
spectroscopy ¢ Chronocoulometry

2.1 Electrode Substrates

The basis of electrochemical analysis is the reaction on an electrode surface. Since
the working electrode substrates can strongly influence the efficiency of the reac-
tions, the properties of electrode substrates are of great significance for successful
electrochemical analysis.

So far, a variety of electrode substrates have been exploited. Noble metals, mer-
cury, carbon and semiconductor materials are commonly used electrode materials.
Some composite materials with excellent characteristics have also been employed
for electrode substrates, such as platinum-dispensed titanium, tantalum and nio-
bium. Besides, electrode materials with small dimension (e.g., a nanometer level)
may greatly enhance the electron transfer rate and thus have superiority in lots of
applications. For example, nanocrystalline tin oxide electrodes have been con-
structed to study the electrochemistry of certain redox proteins [1, 2].

Since different functional groups on electrode substrate possess different physi-
cal and chemical properties as well as biocompatibility, a protein usually exhibits

G. Li and P. Miao, Electrochemical Analysis of Proteins and Cells, SpringerBriefs 5
in Molecular Science, DOI: 10.1007/978-3-642-34252-3_2, © The Author(s) 2013



6 2 Theoretical Background of Electrochemical Analysis

extremely different electrochemical performance on different electrode substrates.
Therefore, choosing appropriate electrode substrate is crucial for successful elec-
trochemical analysis. While the obtained experimental results can help researchers
choose suitable substrate for specific applications, prediction of the utility of electrode
substrate can also be helpful, which is mainly based on two factors. One is the redox
behavior of the target analyte, and the other is the background current over the poten-
tial range applied in the measurements. Meanwhile, some other factors should also be
considered, such as the electrical conductivity, mechanical properties, toxicity, cost, etc.

2.1.1 Metal Electrodes

Nobel metals such as platinum, gold and silver have been widely used as elec-
trode substrates. Noble metal electrodes can offer very favorable electron transfer
kinetics and a wide anodic potential range. The cathodic potential window of these
electrodes is usually restricted due to the low hydrogen overvoltage. However, the
formation of surface oxide or adsorbed hydrogen layers may lead to high back-
ground currents, which strongly affect the kinetics of the electrode reaction. To
solve this problem, a pulse potential cycle should be performed before electrochem-
ical experiments [3]. Here, we will briefly discuss several typical metal materials.

The chemical properties of gold electrode and platinum electrode are very
stable. Meanwhile, pure gold or platinum materials are easily obtained, and the
electrodes can be conveniently manufactured. Therefore, these electrodes become
most popular metal electrodes. Silver is also good electrode substrate, which
is usually used for the preparation of chemically modified electrodes (CMEs)
in various electrochemical researches [4-8]. Moreover, some proteins such as
cytochrome ¢ (cyt ¢) may exhibit the capability of direct electron transfer on silver
electrode, so silver substrate has also been directly used for protein analysis [9].

Besides noble metal electrodes, some other metals have also been employed as
electrode substrates. For instance, copper electrode and nickel electrode have been
constructed for the detection of carbohydrates or amino acids in alkaline media.
Compared with platinum or gold electrodes, these two kinds of electrodes pos-
sess a stable response for carbohydrates at constant potentials [10]. In addition,
alloy electrodes like platinum-ruthenium and nickel-titanium electrodes have also
been reported, which are often used for the preparation of fuel cells, owing to their
bifunctional catalytic mechanism [11].

2.1.2 Mercury Electrodes

Mercury is a classic electrode material. With high hydrogen overvoltage, it can
extend the cathodic potential window. Meanwhile, mercury electrodes possess
highly reproducible, renewable and smooth surface, which is very beneficial in
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electrochemical analysis. So, a variety of mercury electrodes including dropping
mercury electrode, hanging mercury drop electrode and mercury film electrode have
been developed. Among the mercury electrodes, dropping mercury electrode is the
most commonly used one. The main advantage of dropping mercury electrode is
that the electrode can be self-renewing, so it does not need to be cleaned or polished
before each experiment. Moreover, each drop of mercury has an uncontaminated
and uniform surface. Nevertheless, the toxicity of mercury and the limited anodic
range have restricted the application of dropping mercury electrode and the other
mercury electrodes in the analysis for biologic species. Therefore, the colleagues
have exploited some related solid amalgam electrodes for the biologic analysis.

2.1.3 Carbon Electrodes

A family of carbon materials have been widely used as electrode substrates to make
various electrodes. Due to the soft properties of carbon, these electrodes surface
can be easily renewable for electron exchange. Carbon materials also have broad
potential window, low background current, rich surface chemistry and comparative
chemical inertness. The cost of carbon materials is also very low. Therefore, carbon
electrodes are currently widely used, and a large number of research projects are even
focused on the relationship between structure and reactivity of carbon electrodes. The
commonly used carbon electrodes include pyrolytic graphite electrode (PGE), glassy
carbon electrode (GCE), carbon paste electrode, carbon fiber electrode and electrodes
composed of carbon composites. All these electrodes have the basic structure of a six-
membered aromatic ring and sp? bonding. One difference between these carbon elec-
trodes is the relative density of the edge and basal planes of the surface which affects
the electrochemical reactivity at electrode surface. For example, an elegant cyclic vol-
tammogram of cyt ¢ can be obtained at an edge plane PGE [12] and GCE [13], while
only a very small response can be obtained on a basal plane PGE.

2.2 Chemically Modified Electrodes

In many research works, proteins under investigation are usually immobilized onto
the surface of an electrode. However, this immobilization procedure may denatu-
ralize most proteins with the conformational change, which may affect the further
analysis of the proteins. Therefore, bare electrodes are not ideal interfaces to obtain
direct electrochemistry of most proteins; thus, CMEs are developed to improve the
situation. CMEs emerged in 1973 when Lane and Hubbard modified various olefine
compounds on clean platinum electrode through chemisorption, which significantly
changed the electrochemical response of the electrode [14, 15]. Since then, CMEs
have been developing rapidly to investigate the direct electrochemistry of proteins
and the mechanisms of redox reactions. The fabrication of CME:s is to immobilize
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molecules with specific functions on the ordinary electrode surface by chemical or
physical methods. Proteins deposited on the surface of the CMEs can then retain their
biologic activities to some extent; thus, electrochemical performance of the electrode
can be improved for the analysis of proteins. For example, thiol compounds can be
covalently attached to the surface of gold electrode through the formation of metal-S
(Au-S) bond [16]. This process has then introduced some new functional groups not
only for the improvement of biocompatibility but also for the later electrostatic inter-
action. Therefore, biologic analysis by using the CMEs can be conducted.

2.2.1 Conducting Polymer—Modified Electrodes

Conducting polymers are organic polymers with metallic conductivity or semicon-
ductors properties. Since the discovery of high conductivity in doped polyacety-
lene in 1977 [17], numerous well-characterized and ordered conducting polymers
have been exploited; thus, many conducting polymer—-modified electrodes have
been prepared for the analysis of proteins and cells.

The preparation of conducting polymer—modified electrode is often realized
via in situ electropolymerization from monomer solution. Moreover, the proper-
ties of polymers can be modulated by attaching different chemical groups to the
monomers before polymerization. Therefore, these chemical groups may par-
ticipate in molecular recognition or electrocatalytic reaction, which can help the
polymers become efficient molecular interfaces between electrodes and solu-
tion. Meanwhile, conducting polymer nanowires have also been synthesized and
applied in the fabrication of resistance sensors and molecular electronic devices
for the analysis of proteins and cells [18].

There are many advantages of conducting polymer—modified electrodes. On the one
hand, most proteins can well function in non-aqueous media with high activities [19].
On the other, conducting polymers usually contain electronic states that can be revers-
ibly occupied and emptied with electrochemical techniques [20], which can facilitate
the electrochemical measurements of analysis for proteins and cells.

2.2.2 Self-Assembly Monolayers

Self-assembly is a term to describe processes that a number of spatially disor-
dered objects arrange themselves in an ordered pattern via local interactions. The
interactions include ionic bond, covalent bond, metallic bond, as well as weak
interactions (e.g., hydrogen bond, van der Waals force and m—m interaction).
The self-assembly system is not freestanding. It needs solid support, so electrode
is an excellent support which can further play more function roles. Figure 2.1
illustrates the formation a self-assembly monolayer (SAM) on a substrate surface.
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Self-assembly has been a widely studied surface modification technology, so
SAM has been rapidly developed since the late 1980s and used in many scientific
fields such as material science, molecular biology and medicine [21, 22]. Some
properties like the injection across the interface between the monolayer and the
electrode have been determined by molecular orientation and packing at the inter-
face [23, 24]. Meanwhile, it has been known that the functions of the devices fab-
ricated with SAMs usually depend on the deposition of the SAMs [25-27].

SAM has a lot of advantages. For instance, the formation of a SAM just
requires a simple procedure, and the monolayer is chemically stable and biocom-
patible for electrochemical analysis. Moreover, proteins can be immobilized on
the SAM-modified electrode with much more appropriate orientation compared
with the adsorption on a bare electrode or in a polymer, overcoming the problem
of denaturalization of proteins. Some electro-inactive reagents can also be used
to help the formation of a SAM. Besides, a SAM can induce proteins to form an
appropriate orientation, so the electron transfer rate between proteins and elec-
trode can be largely accelerated accordingly [28].

2.2.3 Nanomaterial-Modified Electrodes

Nanomaterials possess at least one dimension sized from 1 to 100 nm [29].
They possess not only unique geometric, mechanical, electronic and chemical
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Fig. 2.2 Scanning electron microscope images of a graphene, b polythionine/graphene and ¢
AuNPs/polythionine/grapheme film. Reprinted from Ref. [37], with kind permission from
Springer Science + Business Media

properties, but also properties different from macroscopic materials, such as quan-
tum effect, surface effect, small size effect, etc. These properties have greatly
prompted a broad range of applications of nanomaterials in medicine, electronics,
biomaterials, environmental science, energy production and biosensors [30—44].
Nanomaterial-modified electrodes have many advantages over the traditional
material-modified electrodes. Firstly, nanomaterials offer huge specific surface area
for the immobilization of more functional molecules on the electrodes (Fig. 2.2).
Secondly, some semiconductor nanomaterials may act as promoters of electro-
chemical communications, accelerating the electron transfer rate between proteins
and electrodes. Thirdly, some biocompatible nanomaterials can help proteins or
cells maintain their activities on the electrode for a long period. Therefore, a vari-
ety of nanomaterials have been synthesized and characterized for the performance
of electrochemical analysis for proteins and cells. The frequently used nanomate-
rials include metal nanomaterials, especially gold nanoparticles (AuNPs), metallic
oxide/sulfide nanomaterials, carbon nanotubes (CNTs), especially multiwalled car-
bon nanotubes (MWCNTSs) and graphene, etc. Moreover, nanocomposite materials,
consisting of two or more types of nanomaterials, have also been exploited.

2.2.4 Mediator-Modified Electrodes

Redox reactions on the surface of an electrode can be accelerated by using a suita-
ble electron transfer mediator [45, 46]. The function of the mediator is to facilitate
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the charge transfer between the electrode and the analyte. The reaction can be
described as follows, in which M represents the mediator and A is the analyte:

Mox + ne” — Mieq
Mieq + Aox = Mox+Areq

Compared with bare electrodes, mediator-modified electrodes have the fol-
lowing advantages. Firstly, it can reduce the overpotential of the analyte and the
possible interfering background current. Secondly, the response of current signal
can be enhanced; thus, lower detection limit can be achieved. Thirdly, adsorption
of the analytes and the products can be eliminated. Therefore, the sensitivity and
selectivity of the analysis by using mediator-modified electrodes can be greatly
improved.

Up to now, a lot of studies have been carried out for electrochemical analysis of
various substances, including proteins, by using the electrodes modified with different
kinds of mediators. For instance, sensitive and selective detections of dihydronicoti-
namide adenine dinucleotide (NADH) [47-49], ascorbic acid [50-53], cyt ¢ [54-56]
and hydrogen peroxide [57—60] have been achieved with the help of the correspond-
ing mediators modified on the surfaces of PGE, GCE, gold electrode or platinum
electrode.

2.2.5 Sol-Gel Technology

The sol-gel process is a wet-chemical technique, which has been widely used
in materials science and ceramic engineering. This technique can fabricate an
integrated three-dimensional network of materials like metal oxides from a col-
loidal solution via hydrolysis and polycondensation reactions [61]. Inorganic
silica sol-gel materials are traditional sol-gel matrices, exhibiting excellent prop-
erties such as chemical inertness, high thermal stability and tunable porosity, etc.
Nanomaterials have also been often used in the fabrication of complicated sol—
gel three-dimensional networks. Since the formed structure of sol—gel matrix can
maintain the native functional characteristics of the immobilized proteins [62, 63],
a variety of studies have been conducted for the analysis of protein and cells based
on sol—gel technology [64—67].

2.3 Electrochemical Cell

An electrochemical cell is used to generate voltage and current from chemical reac-
tions or induce chemical reactions by the input of electrochemical signals. The
most commonly used electrochemistry system is the three-electrode system con-
sisted of working electrode, reference electrode and auxiliary electrode [68, 69].
Schematic illustration of the three-electrode system has been shown in Fig. 2.3. The
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Fig. 2.3 Schematic diagram N,
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working electrode makes contact with the analyte. Its surface is the place where
the reaction occurs. After the working electrode is applied with a certain poten-
tial, the transfer of electrons between electrode and analyte takes place. The cur-
rent observed at the electrode will pass through the auxiliary electrode for balance.
Inert conducting materials such as platinum and graphite with comparably large
surface areas are usually used to make auxiliary electrode. The reference electrode
has a known reduction potential, while no current passes through it. It only acts as
a reference when measuring the working electrode potential. Silver—silver chloride
and the saturated calomel reference electrodes are commonly adopted in the three-
electrode system. To avoid the contamination of the sample solution, the reference
electrode can be insulated from the sample reaction via an intermediate bridge.

2.4 Electrochemical Measuring Techniques

For electrochemical analysis of biologic substances, various electrochemical signals
such as current, potential, charge and impedance have to be generated via biorecog-
nition or biocatalysis processes, which are further related to the concentration of the
analytes. So, the most commonly used electrochemical measuring techniques should
be briefly discussed, including cyclic voltammetry, differential pulse voltammetry
(DPV), electrochemical impedance spectroscopy and chronocoulometry [68, 69].

2.4.1 Cyclic Voltammetry

Cyclic voltammetry may provide the information of the thermodynamics of redox
processes, adsorption processes and the kinetics of electron transfer reactions. It is the
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Fig. 2.4 Cyclic voltammograms of K4Fe(CN)e/K3Fe(CN)g solution obtained at Au/cysteamine/
AuNPs electrodes upon the treatment by the AuNPs growth solution consisting of 0, 0.1, 1, 10,
100, 1,000 uM H>O3 (from outer to inner). Inset shows the linear relationship between the cathodic
peak current and the concentration of H>O,. Reprinted with the permission from Ref. [38]. Copy-
right 2006 American Chemical Society

most widely used measuring technique in electrochemical analysis. In a typical cyclic
voltammetry, the impulse potential is ramped linearly versus time and a pair of well-
defined redox peaks are observed. Single or multiple cycles can be performed depend-
ing on the requirements of specific analysis. During cyclic voltammetric scanning,
analytes or the redox centers of proteins will carry out certain electron communication
with the electrode under various potentials and the currents may be proportional to the
concentration of the analytes. Figure 2.4 shows a series of cyclic voltammograms of
K4Fe(CN)e/K3Fe(CN)g solution obtained at an Au/cysteamine/AuNPs electrode with
the treatment by AuNPs growth solution containing different amount of H>O,. The
peak currents are inversely proportional to the concentration of H,O» [38], demon-
strating cyclic voltammetry a fine quantitative analytical method.

2.4.2 Differential Pulse Voltammetry

DPV is a derivative of linear sweep voltammetry and staircase voltammetry, which
is extremely useful to detect trace levels of organic and inorganic analytes. In this
technique, there are a series of regular voltage pulses superimposed on the poten-
tial linear sweep or stair steps. Just before each potential change and late in the
pulse life, the currents are recorded. The current difference is then plotted against
the applied potential. In the differential pulse voltammogram, the height of the
current peak can be directly proportional to the concentration of corresponding
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analytes. The peak potential varies with different analytes, which can also be used
to distinguish the detected species. DPV can not only help improve the sensitivity
of the detection and the resolution of the voltammogram, but also provide infor-
mation about the chemical form of the analytes, such as oxidation and complexa-
tion status, which is very important for an analysis. Therefore, this technology has
also been widely used for the electrochemical analysis of proteins and cells.

2.4.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy detects the dielectric properties of a
medium over a range of frequencies. The obtained data can be plotted in a Bode plot
or a Nyquist plot. The electrochemical process on an electrode can be simulated to
an equivalent circuit consisting of resistors and capacitors. Applied alternating volt-
age can generate alternating current from the electrochemical reaction on the elec-
trode. The same alternating current can be produced if the voltage is applied on an
equivalent circuit. Therefore, the electrochemical behavior on the electrode is equiva-
lent to a resistance, known as Faraday impedance (Z). Figure 2.5 describes the basic
equivalent circuit of the electrochemical impedance spectroscopy of an electrolytic
cell. Cr represents the capacitance of the electric double layer on the electrode, R;
represents the internal resistance of the electrolytic cell, R, represents the polarization
resistance of the electrode itself and Ry is the resistance of the electrolytic cell circuit.
Usually, R and R; are small, which can be neglected. Electrochemical impedance
spectroscopy can not only probe into the features of the surfaces of CMEs, but also
reveal the information about the reaction mechanism of an electrochemical process.

2.4.4 Chronocoulometry

Chronocoulometry is a technique measuring the relationship between charge
and time, involving stepping the potential of the working electrode from the
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value at which no faradaic reaction occurs to the value at which the surface
electroactive species concentration is zero. The adsorption phenomenon can also
be characterized by chronocoulometry. In an electrochemical system, the func-
tion of the charge (Q) of the surface-confined redox species and the time (7) is
described in the Cottrell expression as is shown in Fig. 2.6, in which n repre-
sents the number of electrons per molecule in the reduction, F is the Faraday
constant (C/equiv), A is the electrode area (cm?), D is the diffusion coefficient
(cm?/s), Cy is the bulk concentration (mol/cm?), Qq; is the capacitive charge (C)
and nFAT is the charge from the reduction of redox marker on the electrode.
Iy represents the amount of redox marker on the electrode. When ¢ = 0, the
detected charge is the sum of the double layer charging and the surface excess
terms. Under certain experimental condition, Qg is constant, so the quanti-
tative determination of electroactive species adsorbed on the electrode can be
achieved.
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Chapter 3
Electrochemical Analysis of Proteins

Abstract Protein is of great importance to the execution of normal physiological
functions of living organisms. Currently, the main techniques for the analysis of
proteins include spectrophotometry, mass spectrometry, electrochemistry, affinity
chromatography and enzyme-linked immunosorbent assay (ELISA), etc. Among
them, electrochemical technique receives more and more interests. Especially in
recent years, with the continuous improvement of protein-film voltammetry and
the recently developed surface modification technology, nanotechnology, signal
amplification technology and molecule recognition technology, electrochemi-
cal technique has been gradually overcoming the past drawbacks such as narrow
research objects and sole signal format in the analysis of proteins. In this chapter,
we review some typical strategies for the electrochemical analysis of protein activ-
ity as well as the electrochemical quantitative analysis of some proteins.

Keywords Protein activity ¢ Quantitative analysis ¢ Protein-film voltammetry
Electrochemical immunosensors * Electrochemical aptasensor ¢ Enzyme
catalysis * Nanomaterials-based amplification

3.1 Protein-Film Voltammetry

Protein-film voltammetry (PFV), proposed by Armstrong and coworkers, is a very
useful methodology to obtain the direct electrochemistry of proteins, which can
also characterize the mechanism how electron transfer process occurs at active
sites [1, 2]. In this strategy, a film containing redox proteins is adsorbed on the sur-
face of an electrode, where the proteins are usually immobilized on the electrode
surface with appropriate orientation, electrons can be transferred in and out of the
active sites of proteins by applying an appropriate potential.

Although many proteins exist on the interfaces in biological systems such as
biological membrane, they are usually not able to take direct electron trans-
fer reactions at the surface of bare electrode or even CMEs. Up to now, PFV is
the best way to solve this problem. It also has many advantages over the other
methodologies to obtain the direct electrochemistry of proteins [3]. As shown
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in Fig. 3.1, the proteins to be investigated can be configured on a suitable elec-
trode as a relatively stable monolayer film, each of them behaves independently.
Meanwhile, the proteins can form favorable orientations by interacting with func-
tional groups on the electrode surface, which can facilitate the interfacial electron
exchange and interaction. Moreover, the limitation due to diffusion of irregular
macromolecules to an electrode surface can also be overcome. Besides, electron
transfer can be realized by the modulation of the parameters such as potential and
time; thus, high sensitivity can be achieved. Another advantage of PFV is that only
very small protein samples are required for the studies. Furthermore, slow scan
rate or potential step techniques can be used to study steady-state catalysis and
redox-linked activation. Therefore, as the result of proliferating cross-disciplinary
interactions, involving material science, surface science, analytical science, bio-
chemistry, biophysics and so on, PFV has been developing very rapidly [4-6]. For
the analysis of proteins, PFV has also been widely used. Table 3.1 summarizes the
electrochemical analysis of some representative proteins by PFV.

Cyt ¢ is one of the most studied analytes in protein analysis. Another reason
why it is extensively studied with electrochemical technique is that Cyt ¢ is among
the early crystallized proteins. Meanwhile, it is a small heme protein containing
just one heme group, and it works as an electron carrier in biological respira-
tion. Cyt ¢ may show excellent electron transfer activity not only in vivo but also
in vitro. Therefore, as a redox protein, cyt ¢ has been studied as a model for a
myriad of electron transfer via different strategies [27, 28]. Hill and his coworker
firstly established the reversible voltammetry of cyt ¢ at a solid electrode [29].
After a controlled electrochemical potential was applied to the electrochemical
system they proposed, which might be either continuous or in steps and pulses,
well-defined redox waves could be observed. The obtained current response could
also provide the thermodynamic and kinetic information of the protein. Later on,
more and more electrochemical studies have been conducted on cyt ¢, including
the quantitative analysis of the protein. For instance, Zhao et al. [11] have made
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Fig. 3.2 Cyclic voltammograms obtained at HS-DNA-modified gold electrode a with and with-
out the adsorption of cyt ¢; b with the adsorption of cyt ¢ and the immobilization of different
layers of AuNPs. Reproduced from Ref. [11] by permission of The Royal Society of Chemistry

use of the techniques of self-assembly and layer by layer, together with nanotech-
nology for the immobilization of cyt ¢ on an electrode surface. In this strategy,
single-strand DNA (ssDNA)-functionalized AuNPs were synthesized as the scaf-
folds for the construction of multilayered structure based on the recognition of
complementary DNA strands. After the formation of uniformly self-assembled
structure, cyt ¢ can adsorb onto the electrode with native conformation. As shown
in Fig. 3.2, the peak current of cyclic voltammograms increases with the number
of AuNPs layers, demonstrating that the layers could not only provide a mild and
compatible microenvironment for cyt ¢ to execute the direct electron transfer reac-
tion, but also greatly enhance the electrochemical signal due to the increase in the
protein-binding sites. Therefore, stable and ultrasensitive electrochemical analysis
of cyt ¢ was achieved with a linear range from 2 x 1072 to 1 x 1077 M and a
detection limit of 6.7 x 10710 M.

Hemoglobin is another extensively studied protein. It makes up to 97 % of the
red cell’s dry content and about 35 % of the total content. Hemoglobin is signifi-
cant for the storage and transport of oxygen in mammalian blood [30, 31]. When
the ferrous ion in the protein is oxidized to ferric ion, the corresponding fer-
rihemoglobin (methemoglobin) cannot bind with oxygen; thus, the oxygen trans-
port function is hampered. Nevertheless, methemoglobin can also be converted to
active hemoglobin in some in vivo redox process such as the erythrocyte meth-
emoglobin reduction pathway [32]. Compared with small heme proteins like cyt
¢, the direct electron transfer between hemoglobin and electrode is much more dif-
ficult to be obtained, because the heme groups of hemoglobin are deeply buried in
their three-dimensional structure. Therefore, a lot of strategies have been proposed
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to improve the heterogeneous electron transfer [16, 33, 34]. Till now, many media-
tors have been employed to accelerate the electron transfer, and a great number
of materials have been developed as film materials of PFV for electrochemical
studies of hemoglobin, such as linoleic acid [35], DNA [36], poly-3-hydroxybu-
tyrate [37], dipalmitoylphosphatidic acid [38], polyethylene glycol (PEG) [39],
lactobionic acid [40], polyurethane elastomer [41], poly(e-caprolactone) [42],
mesoporous Al,O3 [43] and ionic liquid-TiO;-graphene nanocomposite [44].
Human serum transferrin (hTf) is a typical iron transport protein which controls
the level of free iron in biological fluids. It can also bind and transport Ti(IV) in
blood. Two iron-binding sites of hTf can be occupied by Ti(IV), and the formed
Ti(IV)-protein complex (Tip-hTf) can then be internalized into endosomes through
transferrin receptor-mediated endocytosis. Shen et al. [26] have studied Tip-hTf
through an electrochemical method. They found that polyethyleneimine could
facilitate the electron transfer between PGE and Tip-hTf. The polymer could also
maintain the native structure of Tip-hTf, behaving as a stabilizer. Therefore, direct
electrochemistry of Tip-hTf was successfully achieved, and electrochemical analysis
of the protein was conducted by using a polyethyleneimine film-modified electrode.

3.2 Electrochemical Immunosensors

Molecular recognition plays an essential role in biological systems. The molecu-
lar pairs include antibody and antigen, aptamer and target, enzyme and substrate,
and receptor and ligand, all of which have been widely applied in protein analysis
based on the fabrication of electrochemical immunosensors.

Antigen and its corresponding antibody, which may show high immunochemi-
cal affinity, is the most commonly used pair for the fabrication of electrochemical
immunosensors. Antibody, also named as immunoglobulin, is a kind of relatively
large protein produced by B cells to identify foreign objects including proteins,
bacteria and viruses. These recognized objects are termed as antigens. Antibody
consists of basic structural units of two heavy chains and two light chains. A small
region at the tip of antibody is extremely variable, leading to millions of different
antibodies with their unique tip structures for antigens to bind. On the other hand,
antibody and antigen pair also has vital roles for the diagnosis of certain diseases,
since many immunodiagnostic methods to diagnose infectious diseases, such as
ELISA, immunofluorescence, Western blot and electrochemical immunosensors,
are proposed based on the high affinity of this pair.

Electrochemical immunosensors, which may have not only high specificity but
also high sensitivity, are very useful for protein analysis as well as the diagnoses of
the related diseases. For example, the detection of anti-gliadin antibodies from human
serum samples is essential for the diagnosis of autoimmune diseases like celiac dis-
ease, so an electrochemical immunosensor has been fabricated for the detection of
anti-gliadin antibodies, which mimics traditional ELISA architecture [45]. Firstly, an
alkane chain bipodal thiol SAM containing polyethylene glycol groups is modified



24 3 Electrochemical Analysis of Proteins

Fig. 3.3 The calibration [
curves of immunoassay 0
of CEA: a GCE/Au-TiOy/ 60

Abi/BSA/CEA/HRP-Ab;- = e P g S
HPtNPs; b GCE/Au-TiOy/ B > 1
Ab1/BSA/CEA/HRP-Ab,- a5 ™ g |2
SPtNPs; ¢ GCE/Au-TiOy/ < | *9 m
Ab/BSA/CEA/HRP-Ab;. < a3 02 a1 00 ol
The inset shows cyclic - 3r el
voltammograms 3

of GCE/Au-TiOy/
Ab/BSA/CEA/HRP-Ab;- 15
HPtNPs with various CEA
concentrations. Reprinted a
from Ref. [47], Copyright 0F
2011, with permission from
Elsevier

" s _(a)

008 —

=25

=50

0.2

3 3 0 i 2 3

log ¢ cpa /g mL"!

on a gold electrode for further conjugation of the antigen gliadin via carbodiimide
chemistry. Then, the bipodal nature of the alkane thiol preserves a good diffusion of
electroactive species toward the electrode, which can also improve the stability of the
monolayer. Therefore, amperometric evaluation of the immunosensor for the detec-
tion of anti-gliadin antibodies can show stable and reproducible low limit of detec-
tion (46 ng/mL; RSD = 8.2 %, n = 5), which is attributed to the highly sensitive
inherence of electrochemical measurement. The biosensor also allows the estimation
of semi-quantitative antibody contents in thirty-minute total assay time without the
interference of complex matrices.

The p53 protein is a kind of tumor suppressor protein with many functions
and binding partners in cells. It acts as a cell guardian in cellular proliferation.
Therefore, Yeo et al. [46] have developed a selective platform for electrochemi-
cally monitoring the cellular p5S3 concentration. They firstly immobilize the anti-
body molecules on an (R)-lipo-diaza-18-crown-6 SAM-modified gold electrode.
The capture of p53 protein can then modulate the charge transfer, which can be
monitored by electrochemical impedance spectroscopy. This selective detection of
p53 protein can also be used to indicate cancers and other cellular malfunctions.

Carcinoembryonic antigen (CEA) is a glycoprotein involved in cell adhesion,
which is a kind of broad-spectrum tumor marker. Recently, a sensitive electro-
chemical immunosensor for the determination of CEA was fabricated [47]. In this
work, Au-TiO, nanoparticles and multiple HRP-labeled antibodies-functionalized
hollow platinum nanospheres (HPtNPs) (abbreviated as HRP—Ab,—HPtNPs) are
employed. Au-TiO, nanoparticles are firstly modified on GCE before the loading
of anti-CEA antibody and the further blocking by bovine serum albumin (BSA).
Therefore, CEA to be detected can then bring HRP—Ab,—HPtNPs onto the elec-
trode surface. After the sandwich immunoreaction occurs, the reduction of H,O»
catalyzed by HRP will generate electrochemical response, in which hydroquinone
(H2Q) is used as the mediator. Figure 3.3 shows the detection of a standard CEA
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solution by cyclic voltammetry. With the increased concentration of CEA, the cur-
rent is increased gradually. The results suggest that the detection is highly sensi-
tive, which is attributed to the signal amplification from the synergistic action of
HPtNPs and HRP.

Antibodies have also been widely used in protein analysis with clinical impor-
tance, for instance, as important biomarkers for the diagnosis of infection and
many autoimmune diseases, since the need for point-of-care antibody meas-
urement increases greatly in recent years, which may benefit the diagnosis, pre-
vention and treatment of many illnesses [48—51]. As a good example, we would
introduce a wash-free, electrochemical platform for multiplexed detection of spe-
cific antibodies proposed by White et al. [52]. In this study, a nucleic acid duplex
for molecular recognition and signal generation is designed (Fig. 3.4). While one
strand is affixed to electrode via its 5’ terminus, whose 3’ terminus is modified
with a methylene blue to produce electrochemical signals, the other strand is mod-
ified with antigen at its 5’ terminus to recognize target antibody. Since the immune
reaction can prevent methylene blue approach the electrode surface, efficient
electron transfer is blocked. Therefore, the amount of binding antibody can lead
to the readily measureable change in faradaic current, recorded by square wave
voltammetry, and a nanomolar detection limit is sufficiently enough for many
applications.

Electrochemical immunosensors have been applied as well in the protein anal-
ysis for environmental monitoring. For instance, Chen et al. [53] have reported
a highly sensitive and selective electrochemical assay of acetylcholinesterase
(AChE) activity in red blood cells, which is also a useful biomarker to monitor
the exposures to organophosphorus (OP) pesticides and chemical nerve agents.
In this strategy, MWCNTs—Au nanocomposites-modified screen-printed carbon
electrode is firstly constructed for the immobilization of AChE-specific antibody.
The target AChE is then captured on the electrode surface by the immunoreaction.
Electrochemical detection of AChE can be executed over a linear range from 0.1
to 10 nM. This assay method has been further applied for monitoring the OP expo-
sure, since the OP-AChE composite may inhibit the immunoreaction (Fig. 3.5).
Experimental results show that less than 5 % inhibition can be detected, which
promises the immunosensor a quite selective and sensitive assay of AChE activity
for biomonitoring of exposure to OP pesticides.

3.3 Aptamer-Based Electrochemical Analysis of Proteins

Aptamers are single-strand oligonucleic acid ligands that bind to a specific target
molecule or cell with high binding affinity and specificity [54, 55]. The inher-
ent flexibility makes aptamers fold into specific tertiary structures after bind-
ing to their targets. In 1991, the technology of systematic evolution of ligand by
exponential enrichment (SELEX) was developed for isolation of aptamers [56].
Since then, more and more aptamers have been screened for binding to various
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Fig. 3.4 Schematic illustration of the electrochemical detection of specific antibodies (fop).
Without the immuno binding of antibody (top left), the surface attachment chemistry is flexi-
ble, facilitating efficient electron transfer between the redox reporter and the electrode surface.
With the target antibody binding (top right), electron transfer decreases, presumably due to the
decrease of the efficiency of the reporter collides with the electrode. The immuno binding can be
monitored from the change in peak current of square wave voltammetry (Botfom). Reprinted with
the permission from Ref. [52]. Copyright 2012 American Chemical Society

targets including ions, small molecules, proteins and even cells. They are recog-
nized as “chemical antibodies” which have lots of merits in the application for
electrochemical analysis of proteins and cells [57-59]. Firstly, chemical synthesis
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of aptamers is quite easy and cost-effective with superb stability in harsh condi-
tions [60]. Secondly, aptamers against targets can be selected in either physi-
ological or non-physiological conditions, which greatly facilitates the selection
[61-63]. Thirdly, aptamers show high affinity and specificity for a variety of tar-
gets; thus, the applications of corresponding analysis are broad [64—66]. Finally,
aptamers can be chemically modified more easily than antibodies, especially
for the modification of signal moieties, like electrochemical probes. These fea-
tures may facilitate the realization of many strategies for electrochemical analy-
sis. Moreover, aptamers can hybridize with their complementary sequences. This
nature can be used to design versatile oligonucleotides machines for either protein/
cell analysis or clinical applications [67—69]. In addition, the incorporating elec-
trochemical molecular reporters can make the analysis systems more sensitive,
where methylene blue, ferrocene and pentaamminechlororuthenium (III) chloride
([Ru(NH3)5CI]2%) are the frequently used electrochemical reporters.

Thrombin is a “trypsin-like” serine protease, which converts soluble fibrinogen
into insoluble strands of fibrin. It may induce thrombosis and tumor angiogenesis.
It can also catalyze many other coagulation-related reactions. So, the study of this
enzyme has attracted much attention [70, 71]. So far, a great many strategies for
thrombin analysis have been developed. Table 3.2 summarizes the detection limit
and the employed techniques for the analysis of thrombin.

Xiao et al. [76] once proposed an electrochemical signal-off strategy to detect
thrombin. As shown in Fig. 3.6, before thrombin is bound to its aptamer, methyl-
ene blue is firstly covalently labeled at the end of the aptamer, so electrochemi-
cal signal can be obtained at the aptamer-modified electrode. Nevertheless, upon
the recognition of thrombin with its aptamer immobilized on the electrode surface,
G-quadruplex conformation will be formed; thus, the methylene blue molecule
attached at the end of the aptamer is shielded from the electrode, and conse-
quently, no electrochemical signal can be obtained.

The above strategy has a main drawback of negative signal. In order to over-
come this disadvantage, some colleagues have proposed some signal-on meth-
ods. For instance, Radi et al. [74] have prepared a polycrystalline gold electrode
modified with anti-thrombin aptamer. At the other end of the aptamer, ferrocene
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Table 3.2 Overview of aptamer-based thrombin analysis

Detection methods Detection limit (M) References
Electrochemical impedance spectroscopy 2.0 x 1077 [72]
Electrochemical impedance spectroscopy 1.0 x 1013 [73]
DPV 5x 10710 [74]
DPV 55 x 10716 [75]
Alternating current voltammetry 6.4 x 1077 [76]
Square wave stripping voltammograms 5% 10713 [77]
Enhanced electrochemiluminescence 5x 10714 [78]
Raman spectroscopy 1 x 10710 [79]
Surface acoustic wave 4 x 10710 [80]
Fluorescence 1.06 x 1070 [81]
gPCR 45 %1013 [82]

Fig. 3.6 Schematic

representation of the design

of the analysis of thrombin by

a signal-off electrochemical

strategy. MB = methylene

blue. Reproduced from Ref.

[76] by permission of John

Wiley and Sons Ltd mB thrombin
( eT —_—

is covalently attached as the electrochemical reporter, and 2-mercaptoethanol
is used to further block the electrode surface. Before the binding of the aptamer
with thrombin, no signal can be obtained due to the large electron-tunneling dis-
tance between ferrocene moiety and the electrode. However, after the binding with
thrombin, G-quadruplex structure is formed and the ferrocene moiety is dragged to
approach the electrode surface, generating significant electrochemical signals.

Since thrombin has dual binding sites to its aptamer, a “sandwich” structure
can be fabricated for the analysis of this protein. For example, Deng et al. [73]
have developed an impedimetric aptasensor with femtomolar sensitivity based on
the enlargement of surface-charged AuNPs. While one aptamer immobilized on a
gold electrode surface can capture thrombin, another aptamer which is modified
on the surface of AuNPs can also bind with thrombin to form a “sandwich” struc-
ture. Since the changes of resistance can be probed by Fe(CN)g>~/#~, the electron
transfer resistance of the electrode may indicate the amount of captured thrombin.
Compared with a previously reported work [72], a femtomolar sensitivity can be
achieved, because the impedimetric response obtain by this aptasensor has been
greatly enhanced with the help of the surface-charged AuNPs.

Many other label-free impedimetric aptasensors have also been developed
based on the conductivity changes induced from the aptamer—target interactions.
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Fig. 3.7 Procedures of the preparation of the “Sandwich” Sensing System. Reprinted from Ref.
[84], Copyright 2009, with permission from Elsevier

For example, Xu et al. [83] have reported a method to detect human IgE on the
basis of the impedance changes attributed to the aptamer—target binding events.
The detection range of human IgE by this aptamer-based impedance method lies
in 2.5-100 nM with a detection limit as low as 0.1 nM. On the other hand, “sand-
wich” structures have also been fabricated for the analysis of some other pro-
teins. Platelet-derived growth factor (PDGF) regulates cell growth and division
and plays a significant role in blood vessel formation. The uncontrolled expres-
sion procedure can also be a symbol of cancer. Therefore, Wang et al. [84] have
proposed an electrochemical method for PDGF analysis based on anti-PDGF
aptamer and AuNPs. As shown in Fig. 3.7, the aptamer is firstly self-assembled
on an electrode surface. In the presence of the target PDGF, PDGF-aptamer com-
plex is formed with one binding site of PDGF being used. Then, another aptamer
which is modified on the surface of AuNPs recognizes the other binding site of
PDGEF; thus, the sandwich structure is formed. In this assay, positive-charged
[Ru(NH3)5C1]2+ can be adsorbed on the aptamers that are modified on the sur-
face of AuNPs via electrostatic interaction; thus, amplification of electrochemical
signal can be achieved. Meanwhile, AuNPs can also amplify the electrochemical
signal. Consequently, a detection limit of 1 x 10~'* M for purified samples and
1 x 10~'2 M for complex samples can be achieved.

Multiple protein analysis is always desired for the assay of proteins as well as
clinical applications since the detection of a large number of disease markers with
ultralow levels is highly required during early diagnosis of some diseases. Hansen
et al. [77] have proposed an aptamer-based biosensor for multiple protein analysis
coupled with enormous amplification feature of nanoparticle-based electrochemical
stripping measurements. As shown in Fig. 3.8, several thiolated aptamers are modi-
fied on the electrode surface with the corresponding quantum dot-tagged proteins
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bound to them. The addition of target proteins would displace the corresponding
quantum dot-tagged ones; thus, the remaining nanocrystals is electrochemically
detected, which can be converted to the concentration of the target proteins.

3.4 Electrochemical Analysis Based on Enzyme Catalysis

A lot of proteins have enzymatic activity, which can catalyze corresponding sub-
strate to generate detectable electrochemical signals. This process may not only be
used for protein analysis, but also for the great enhancement of the sensitivity for
protein detection.
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Protein kinase—catalyzed phosphorylation plays a significant role in many vital
biological processes including cell signal transduction, cell proliferation and dif-
ferentiation [85, 86]. Tyrosine kinases are a subclass of protein kinase, which
can catalyze the reaction of transferring a phosphate group from ATP to a pro-
tein. Yang et al. [87] have made use of the catalytic activity of tyrosine kinases to
develop a label-free electrochemical method to assay the activity of the enzyme.
While poly (Glu, Tyr) (4:1) peptide is immobilized on the surface of an indium
tin oxide (ITO) electrode as the substrate of epidermal growth factor receptor
(EGFR), a typical tyrosine kinase, the tyrosine residue of the peptide can be used
as an electrochemical signal reporter, since this residue can be also electrocata-
lyzed by a dissolved electron mediator Os(bpy)3>* (bpy = 2,2’-bipyridine). With
the phosphorylation of Tyr by tyrosine kinase, the electrochemical response is
sharply decreased due to the loss of free phenol group of Tyr (Fig. 3.9), so the
activity of this enzyme can be detected and the kinase inhibition can also be moni-
tored by this electrochemical method.

Protein kinase A is a family of enzymes whose activity depends on the cellular
levels of cyclic AMP (cAMP). This enzyme family regulates metabolism of glyco-
gen, sugar and lipid. Miao et al. [88]. have developed an electrochemical strategy
for sensing protein kinase A, based on Zr*+-mediated signal transition and rolling
circle signal amplification. Firstly, the substrate peptide is immobilized on a gold
electrode surface through thiol group of cysteine residue. Then, another residue,
serine of the peptide, is catalyzed by protein kinase A. After that, Zr** links the
phosphorylated serine and a designed DNA primer probe via the interaction with
the phosphate groups. Consequently, rolling circle amplification is initiated from
the DNA primer probe, generating a long DNA chain, which can further adsorb a
large number of electrochemical species, in token of the phosphorylation process
by protein kinase A (Fig. 3.10).
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Fig. 3.10 Schematic representation of the electrochemical sensing strategy for the activity of
protein kinase. Reprinted with the permission from Ref. [88]. Copyright 2012 American Chemical
Society

This laboratory has also reported a switchable “On—Off” electrochemical strat-
egy for the detection of protein kinase A, which can be re-operated for many
times [89]. Firstly, a specific substrate peptide is immobilized on the surface of
an electrode, forming a compact and positively charged SAM. Since the peptide
is designed as electro-positive, the formed monolayer will block the positively
charged electrochemical probes [Ru(NH3)5C1]2+ to get access to the electrode sur-
face; thus, the detection system is set in the “Off” state. However, after the phos-
phorylation catalyzed by protein kinase A takes place, the SAM becomes loose.
Due to the existence of phosphate groups, [Ru(NH3)sCl]>* probes then get close
to the electrode surface by electrostatic interaction, making the detection sys-
tem lies in the “On” state. Figure 3.11 is the differential pulse voltammograms
of [Ru(NH3)5C1]2+ to show the two states of the detection system. It also reveals
that this detection system can be reused for many times without significant loss of
detection precision.

In contrast with protein kinase, phosphatase is a kind of enzyme that removes
a phosphate group from its substrate. This reaction is termed as dephosphoryla-
tion, which can be found in muscle movement and many other reactions within
the body. Alkaline phosphatase is a common phosphatase in many organisms.
Miao et al. [90] have proposed an electrochemical method for the detection of
alkaline phosphatase by the use of two complementary DNA probes (DNA 1 and
DNA 2) coupled with A exonuclease. Briefly, the 5’ phosphoryl end of DNA 1 is
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Fig. 3.11 a Differential pulse voltammograms of [Ru(NH3)sCI1]?* obtained at the substrate
peptide-modified electrode before (i) and after (ii) the catalysis of 1-unit/mL PKA (iii) is the
case that 200-units/mL ALP is further added into the test solution; b Relationship between peak
current of the [Ru(NH3)5C1]2+ solution obtained at the substrate peptide-modified electrode and
the repeated times of the phosphorylation and dephosphorylation. Reprinted from Ref. [89],
Copyright 2010, with permission from Elsevier
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Fig. 3.12 Nyquist plot of impedance of a the bare gold electrode, b MCH-modified
electrode, ¢ DNA 2 and MCH-modified electrode, d DNA 2 and MCH-modified electrode
after dephosphorylated DNA 1 and )\ exonuclease were separately added in the test solution.
Reprinted from Ref. [90], Copyright 2011, with permission from Elsevier

dephosphorylated by alkaline phosphatase. After DNA1 is hybridized with DNA
2, which has been previously immobilized on an electrode surface, DNA 2 will
be cleaved by A exonuclease owing to the phosphoryl of DNA 2 at the 5’ end.
The digestion of DNA 2 can further release DNA 1 from the double strands;
thus, DNA 1 will hybridize with another DNA 2 strand, initiating another diges-
tion cycle. With the loss of large amount of DNA 2 and the adsorbed electro-
chemical species on the electrode surface, the electrochemical response is brought
down. Figure 3.12 depicts the impedance change of the electrode surface in token
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of the process of dephosphorylation and the digestion cycles by A exonucle-
ase, which can also be shown by the measurements with cyclic voltammetry or
chronocoulometry.

3.5 Nanomaterials-Based Electrochemical
Analysis of Proteins

With the tremendous development in material science and nanotechnology, many
nanomaterials with superior properties have been synthesized and further function-
alized for the electrochemical analysis of proteins, which has also dramatically
improved the detection performance [91-94]. Therefore, some metal nanoparti-
cles, magnetic nanoparticles, nanowires and nanotubes have been employed either
as electrical connectors between electrodes and the redox centers of proteins or as
signal amplification elements for protein analysis [95, 96].

TiO, is a kind of n-type semiconductor material with excellent biocompatibil-
ity and environmental safety. In nanometer scale, TiO, may show a better bio-
compatibility, and the material will have a higher ratio of surface area to volume.
These properties make this material more appropriate for protein analysis, so TiO»
nanoparticles have received much attention from the colleagues in this commu-
nity [97, 98]. For instance, with the help of TiO, nanoparticles, Zhou et al. [99]
have investigated the catalytic ability of tyrosinase by electrochemical technique.
Experimental results reveal that the photovoltaic effect of TiO, nanoparticles can
make tyrosinase exhibit a higher enzyme activity. The reason might be that large
amount of oxytyrosinase, which will act as an intermediate in the process of cata-
Iytic reactions, is generated due to the photovoltaic effect of TiO, under ultraviolet
(UV) light irradiation.

Pt nanoparticles have also been proposed as ideal substitutes of enzymes to
catalyze some reactions [100], the enzymatic reaction rate of which is even one
to two orders of magnitude higher than that of HRP [101], a commonly used
enzyme for biosensor fabrication. Cao et al. [102] have made use of this nature
and reported a strategy to detect indoleamine 2,3-dioxygenase (IDO), a key pro-
tein in the inhibition of T-cell proliferation, synthesis of neurontransmitter and
regulation of immune responses. The system of the electrochemical analysis
combines the enzymatic catalysis and electrocatalysis of Pt nanoparticles, which
can greatly improve the sensitivity of the detection. Under optimized conditions,
this assay method can detect IDO activity in the range of 20-400 unit/mL with a
detection limit of 6.84 unit/mL. The principle of this strategy can be illustrated in
Fig. 3.13. Firstly, tryptophan, the substrate of IDO, is immobilized on a gold elec-
trode surface. With the oxidation catalyzed by IDO, tryptophan is hydrolyzed and
kynurenine is generated, which may induce the further immobilization of dithio-
bis [succinimidylpropionate]-modified Pt nanoparticles onto the electrode surface.
Since Pt nanoparticles can electrochemically catalyze the reduction of H>O,, the
produced electrochemical signal is then correlated with the enzyme activity of IDO.
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Fig. 3.13 Schematic representation of the electrochemical analysis of IDO activity. Reprinted
from Ref. [102], Copyright 2010, with permission from Elsevier

Graphene is a newly developed advanced two-dimensional nanomaterial,
discovered in the year of 2004 [103]. Graphene has many unique properties
including fast electron transportation, high thermal conductivity, excellent bio-
compatibility, which promise its great application potential in electrochemical
analysis of proteins. Zhao et al. [104] have reported a simple and smart electro-
chemical biosensing platform based on PGE modified with graphene quantum
dots with the help of some specific ssDNA added in the test solution. Although
the good conductivity of graphene material may result in large electrochemi-
cal response of the modified electrode, the single-strand DNA will be strongly
bound to graphene material, inhibiting the electron transportation between
[Fe(CN)6]3_/4_ and the substrate electrode. Nevertheless, when target protein also
exists in the test solution, the ssDNA added in the test solution, which is designed
as the aptamer of the target protein, will bind with its target, instead of binding
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Fig. 3.14 Differential pulse voltammograms of [Fe(CN)g]>~/#~ obtained at a graphene quan-
tum dots—modified electrode for the cases that ssDNA-1 has been incubated by thrombin with
different concentrations. Insets show the plots of the peak current against the concentration
of ssDNA-2 or thrombin. Reprinted from Ref. [104], Copyright 2011, with permission from
Elsevier

with the graphene quantum dots modified on the PGE surface; thus, the peak cur-
rent of [Fe(CN)6]3_/4_ is increased with the increased concentration of the target
protein (Fig. 3.14).

AuNPs are the most popular nanomaterials with extensive range of useful prop-
erties like high surface area, localized surface plasmon resonance, superquenching
capability and high extinction coefficients, etc. DNA-functionalized AuNPs are
especially useful for the development of research strategies for protein analysis.
Ding et al. [75] have prepared aptamer-functionalized AuNPs to carry smaller CdS
nanoparticles which are used as signal reporter for the determination of throm-
bin. Figure 3.15 is the schematic illustration of their design. AuNPs are co-mod-
ified with anti-thrombin aptamer and a large number of CdS nanoparticles. Since
thrombin to be detected can bind the aptamers modified on the surfaces of both the
electrode and AuNPs, a “sandwich” structure is formed. Since a large amount of
CdS nanoparticles are loaded on the surface of AuNPs, which may release a great
number of Cd** ions, very high DPV signals are generated; thus, ultrasensitive
detection of thrombin is achieved.

CNT is another commonly used material for protein analysis, which is a one-
dimensional nanomaterial with long and slender structures. The unique hexagonal
networks and C—C covalent bonding make it attractive in the fabrication of many
electrochemical analysis systems. For instance, Wan et al. [105] have developed
a multiplexing electrochemical immunosensor for the detection of cancer-related
protein biomarkers. In this device, both HRP and goat anti-rabbit IgG (secondary
antibody, Aby)-modified MWCNTs are prepared. As shown in Fig. 3.16, after the
formation of “sandwich” structure, multichannel detection of a series of target bio-
markers can be achieved.
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Chapter 4
Electrochemical Analysis of Cells

Abstract The cell is the basic unit of life, which plays a key role in the development
of organisms and participates in almost all physiological processes in vivo. Since
the physiological activities of cells are often related to electron transfer and/or elec-
troactive species, electrochemistry is proven to be an effective technique for the
analysis of cells, which can be further used in disease diagnosis and drug screen-
ing. Therefore, electrochemical analysis of cells has attracted a great many research
interests. In recent years, with the development of surface modification technology,
molecular recognition and nanotechnology, more and more electrodes with high
biocompatibility can be used for cell immobilization, which has greatly promoted the
electrochemical analysis of cells.

Keywords Cell ¢ Electrochemical analysis ¢ Cell membrane ° Electrochemical
cytosensor © Intracellular analysis ¢ Cell apoptosis ¢ Cancer cell
detection ¢ Nanomaterials-based amplification

The cell is the basic functional unit of life with genetic totipotency. It is also the
basis for organism growth and development with orderly self-controlled metabolic
system. A cell is sophisticated combination of matter, energy and information with
highly ordered self-assembly and self-organizing capacity. Cells always play key
roles in the developmental and physiological processes of organisms. Therefore,
the understanding of cells is the basis of biologic research, and the analysis of
cells is of great importance to all the fields of biologic sciences as well as bio-
medical applications.

Since the physiological activities of cells, such as metabolism, respiration, pho-
tosynthesis, transmembrane transport, etc., are usually coupled with the transfer
of electron and/or related with electroactive species, electroanalytical methods
have become useful tools for the analysis of cells. Meanwhile, since abnormal cell
activities may lead to a lot of diseases, electrochemical analysis of cells is also
proven to be effective in disease diagnosis and drug screening.

On the other hand, electrochemistry is a powerful technique to study elec-
tron transfer process, which offers many advantages including simplicity,
highly sensitivity, convenience and low cost. So, electrochemical bioanalysis

G. Li and P. Miao, Electrochemical Analysis of Proteins and Cells, SpringerBriefs 43
in Molecular Science, DOI: 10.1007/978-3-642-34252-3_4, © The Author(s) 2013



44 4 Electrochemical Analysis of Cells

has been developed very rapidly in recent years [1-7]. Meanwhile, coupled
with some techniques such as surface modification, nanotechnology, molecular
recognition, etc., various CMEs have been prepared to make the electrochemi-
cal analysis of cells more achievable. Therefore, the inner sub-cellular response
mechanisms can be better understood, and the related physiological activi-
ties can be more thoroughly explored. Moreover, since the enzymes extracted
from cells can often maintain their biologic activities and the studies on these
enzymes with electrochemical technique have provided a lot of research meth-
ods as well as valuable information on the enzymes, electrochemical analysis
of cells has made it more effective to understand in-depth the law of motion of
the organisms at the cellular level. Besides, electrochemical analysis of cells
is also helpful for drug design, drug side effects controlling, microorganisms
monitoring and the other related scientific theoretical and experimental basis.
So, cell-based electrochemical analysis has been widely used in the fields of
pharmacology, medicine, cell biology, toxicology, neuroscience and environ-
mental monitoring [8].

In this chapter, we mainly summarize the progress in electrochemical analy-
sis of cell membrane and the inner part of cells, the electrochemical detection of
cell apoptosis and the identification and quantification of cancer cells. In addition,
the applications of nanomaterials in the electrochemical analysis of cells have also
been discussed.

4.1 Electrochemical Analysis of Cell Membrane
and the Inner Part

Compared with proteins, cells are more complicated units with elaborate sub-
cellular machinery for biologic events [9, 10]. Meanwhile, living cells are
electrochemical dynamic systems, which make it more difficult to obtain the elec-
trochemical information. Nevertheless, the electron generation and transfer in a
cell, especially the electron transfer across the cell membrane, can indeed indicate
the status of cells in life process [11]. As is well known, cell membrane separates
the interior of a cell from the environment. It mainly consists of phospholip-
ids bilayer. The transportation of substance inside or outside a cell is controlled
by the selectively permeable cell membrane. Therefore, the penetrability of cell
membrane has been firstly studied. For instance, Huang et al. [12] have fabricated
a phosphatidylcholine bilayer membrane on the surface of a PGE to mimic cell
membrane. They use two electrochemical probes, Fe(CN)g>~/#~ and Ru(bpy)s3>*,
to separately measure the electrochemical response of the ion-channel behavior of
annexin V. As shown in Fig. 4.1, in the presence of annexin V, the electrochemical
responses of both Fe(CN)g>~/#~ and Ru(bpy)3>* can be enhanced, indicating the
formation of ion-permeable pores in the membrane. Further studies reveal that this
procedure can be affected by pH value and the concentration of Ca**.
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Some research groups have tried to immobilize some protein complex such
as photosystem I and II onto electrode surface to mimic the electron transfer in
vitro [13, 14]. For instance, Alcantara et al. have obtained direct, reversible peaks
of the spinach photosystem II reaction center in a lipid film—modified electrode.
They have also analyzed the three pairs of reduction—oxidation peaks, which are
assigned to oxygen-evolving complex tetramanganese cluster, quinone and pheo-
phytin, respectively.

Cell surface glycoproteins are integral membrane proteins that contain oligosac-
charide chains (glycans). These proteins play a key role in cell—cell interactions. So,
Shao et al. [15] have developed a biocompatible poly(diallyldimethylammonium)-
doped poly(dimethylsiloxane) film to electrochemically measure the cell surface
glycoprotein. The interface they construct can retain the viability of the immobi-
lized cells. They then use p-glycoprotein antibody and its secondary antibody
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Fig. 4.2 Schematic representation of the designed sensor for the evaluation of cell surface gly-
coprotein. AP alkaline phosphatase. (Reprinted with the permission from Ref. [15]. Copyright
2009 American Chemical Society)

labeled with alkaline phosphatase to detect p-glycoproteins on cell surface, the
strategy of which can be illustrated by Fig. 4.2.

Up to now, various membrane materials with excellent biocompatibility have
been employed to immobilize cells on electrode surface for the analysis with elec-
trochemical techniques [16, 17]. However, the studies are usually focused on the
cell membrane, which cannot explore the inner part of the cells. So, Meng et al. [18]
have proposed a universal method to fix cells on solid interface based on transfec-
tion techniques and further explored the inner part of the cells. Figure 4.3 shows the
transfection process to immobilize cells. Firstly, exogenous thiolated DNA is modi-
fied on a gold electrode via gold—sulfur chemistry. Then, the DNA molecules are
transfected into the cells due to the presence of calcium ions. This procedure may
also drag the 293T cells onto the surface of the electrode. In fact, the DNA mol-
ecules can not only fix the cells on the electrode surface, but also act as wires of
electron transfer. Therefore, the electron transfer between the electroactive species
inside the cells and the electrode is achieved, and the electrochemical signals of both
methylene blue and kaempferol, which have been pre-cultured with the cells, can
be obtained. Moreover, the obtained electrochemical response will increase with the
concentration of the electrochemical species inside the cells. So, this method makes
it possible to study the inner part of cells by using electrochemical technique.

Based on the above transfection strategy, Liu et al. [19] have proposed a method
for the detection of cells by using ferrocene as the electrochemical reporter.
Firstly, they design a single-strand DNA probe dually labeled with 3’-SH and 5’-
ferrocene. Then, the DNA probe is immobilized onto the surface of a gold elec-
trode. Since the ferrocene moiety may easily approach the electrode due to the
nice flexibility of the designed single-strand DNA, a large faradaic current can be
yielded. Nevertheless, after the transfection of the DNA probe into the detected
cells, the faradaic current decreases sharply with the increase in cells (Fig. 4.4a),
since the insertion of DNA probe into the cells will keep ferrocene away from the
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Fig. 4.4 a Differential pulse voltammograms obtained in PBS at the ferrocene-DNA-modified
electrode before (i) and after reaction with SMMC-7721 cells (103 cells/mL) in the absence (i)
and presence (iii) of Ca>*; b Signal conversion and retrieve (on—off—on) during 6 times of regen-
eration by treating the electrode with lysis buffer. (Reproduced from Ref. [19] by permission of
The Royal Society of Chemistry)
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Fig. 4.5 Schematics of the electrode immobilization and reactions of mitochondrion. (Repro-
duced from Ref. [21] by permission of John Wiley & Sons Ltd)

electrode surface. The experiment results also confirm that the peak current will
remain unchanged if Ca2* is not involved in the transfection process, since Ca>* is
the necessity for the transfection. This electrochemical system can also be regener-
ated with the treatment of lysis buffer (Fig. 4.4b).

Besides cell membrane, electrochemical analysis of some macro objects like
organelles has also been conducted. Organelles are the basic structures of cells
which ensure the normal function of cells. They are usually enclosed within lipid
bilayer. Mitochondria are one of the most important organelles, which provide
energy for cell activities, so study of mitochondria has received great attention
[20]. Zhao et al. [21] have examined the electrochemical behavior of mitochondria
by co-immobilizing freshly extracted mitochondria, BSA and glutaraldehyde on
the surface PGE (Fig. 4.5). Owing to the change of permeability of the outer mito-
chondrial membrane by the applied electric field, two pairs of redox peaks can be
observed, assigned to the electron transfer reactions of cyt ¢ and FAD/FADH,
respectively. The redox wave of NADH can also be obtained when the membrane
of mitochondria is destroyed.

The shape and function of cells are influenced or regulated by the biochemi-
cal processes of cells. Therefore, real-time observation of biochemical processes
of cells is of great importance. Zheng et al. [22] have developed an electro-optical
nanoprobe for the real-time monitoring of local biochemical processes in cells.
The electro-optical nanoprobe can be placed on the cell membrane for the detec-
tion. As shown in Fig. 4.6, the electrochemical species released from the cells can
be detected directly using the gold nanoring electrode. This system can meas-
ure both the oxidant generation and the intracellular antioxidant level in a single
cell. Since the strength of oxidative stress is concerned with cell malignancy and
a much high antioxidant level may cause drug resistance, this detection system
might have broad utility in the future.

Cell cycle is a universal cell process involving the growth and proliferation
of cells, which consists of many complex stages [23]. It is a series of events that
take place in a cell, which lead to cell division and duplication. A cell in differ-
ent phases may exhibit different behaviors even the environments are kept uni-
form. So, Kafi et al. [24] have proposed an electrochemical method for on-site
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monitoring of cell cycle progression. As shown in Fig. 4.7, RGD-MAP-C peptide
is designed for this study. The cysteine residue at the terminus of the peptide can
be bound to the gold electrode via Au-S covalent bond and the RGD sequence
may link integrin on cell membrane, which results in the attachment of cells on the
electrode surface. Electron transfer at the cell-electrode interface then reflects the
redox activity of the cells in different phases.

4.2 Electrochemical Analysis of Cell Apoptosis

Apoptosis is also termed as programmed cell death. It is a meticulous biochemi-
cal process involving many cell events such as cell turnover, the functioning of
immune system, embryonic and soma development [25]. Apoptosis plays an
essential role in the removal of unwanted or abnormal cells in the multicellu-
lar organisms [26]. The cell changes caused by apoptosis include blebbing, cell
shrinkage, nuclear fragmentation, chromatin condensation and chromosomal DNA
fragmentation. Different from necrosis, apoptosis produces cell fragments named
as apoptotic bodies for phagocytic cells to remove before the contents of cells spill
out and cause other damage.

Apoptosis has attracted much attention since the early 1990s, which not only
exhibits as an important biologic phenomenon, but also implicates in an extensive
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Fig. 4.7 Schematics of the electrochemical detection of cell cycle progression. a Fabrication of
the RGD-MAP-C-based cell chip; b synchronized G1/S-phase (middle), G2/M-phase (right) and
unsynchronized (left) cells with their respective DPV signals; ¢ time course of cell treatment for
synchronization in the (i) G1/S-phase and (i) G2/M-phase and (iii) gradual progression of G1/S
cells toward the G2/M-phase following time-dependent release from the G1/S block. (Reprinted
with the permission from Ref. [24]. Copyright 2011 American Chemical Society)

variety of diseases. Apoptosis disorders include inappropriate activation or inhi-
bition breaking the equilibrium between cell growth and cell death, which may
directly related to many diseases, such as Alzheimer’s disease, acquired immuno
deficiency syndrome (AIDS), autoimmune diseases and all kinds of cancers [27].
Thus, in the pathophysiology, detection of apoptosis not only helps to improve the
accuracy of the course of disease, but also can be used as the early signs for a
therapeutic intervention effect judgment.

In early apoptotic cells, phosphatidylserine flips from the inside of the plasma
membrane to the outside, and thus exposes to the extracellular surface. A Ca?t-
dependent phospholipid-binding protein, annexin V is usually used as a probe to
specifically recognize the exposed phosphatidylserine on cell surface, indicat-
ing cell apoptosis [28]. Therefore, Tong et al. [29] have constructed a layer of
AuNPs on an electrode surface for stable adsorption of large amount of annexin
V. Subsequently, early apoptotic cells with exposed phosphatidylserine on the
surface are bound to annexin V molecules that have been fixed on the electrode
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surface, hindering the electron transfer between the electrochemical species,
Fe(CN)g>~/4~, in the solution and the electrode (Fig. 4.8). Since the process can
be characterized by the increase in impedance, a biosensor is thus developed dem-
onstrating the great potential for rapid detection of cell apoptosis. Meanwhile,
Liu et al. [30] demonstrated that annexin V in polyethylenimine film can maintain
its high affinity with phosphatidylserine translocated from the inner to the outer
plasma membrane of the apoptotic cells. So, based on the interaction between
annexin V and phosphatidylserine, voltammetric detection of apoptosis with elec-
trochemical technique can be achieved by using annexin V and polyethylenimine
co-modified PGE. Moreover, if Ca2t, the required ion for the function of annexin
V, is added into the test solution, the redox wave of the electrochemical probe,
[Ru(NH3)5C1]2+, will be further changed; thus, a simple and convenient method to
detect apoptosis is proposed.

It has been known that apoptotic cells will present some overexpressed
cysteine-dependent aspartate-specific proteinases (caspases). These protein-
ases can be the important biomarkers of apoptosis in living cells and cell lysates.
Caspase-3 is the most important apoptosis executor, which participates in a dual
endogenous and exogenous apoptotic pathway. Caspase-3 is able to specifically
hydrolyze the substrate peptide containing Asp-Glu-Val-Asp (DEVD) sequence
[31]. So, Xiao et al. [32] have made use of this feature and proposed an electro-
chemical method for the detection of apoptosis by using the marker of caspase-3
activity. After the substrate peptide is assembled on a gold electrode surface with
the help of cysteine, the electrochemical reporter, ferrocene, which is attached
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at the end of the peptide, may yield electrochemical signals. Nevertheless, since
apoptotic cell lysate contains a large number of caspase-3, which will specifically
recognize and cut the peptide substrate immobilized on the electrode surface, fer-
rocene group will be removed from the electrode. Therefore, the change in the
electrochemical response can be used for the analysis of apoptosis.

In order to detect caspase-3 activity with a higher sensitivity, Zhang et al.
[33] have utilized signal amplification strategy and layer-by-layer technology
for such kind of study. In their work, quantum dots are used as electrochemical
probes, while CNTs are labeled with streptavidin. As shown in Fig. 4.9, after the
streptavidin-labeled CNTs are bound with the biotin-labeled peptides that have
previously been immobilized on the surface of an electrode, anodic stripping vol-
tammetry is applied to detect the stripping signal of cadmium. Therefore, signal
amplification from CNTs can be achieved. Zhang et al. [34] have also conducted
another work for ultrasensitive detection of apoptotic cells with electrochemical
technique. In this work, they have fabricated a three-dimensional architecture via
layer-by-layer strategy by combining nitrogen-doped CNTs and AuNPs, which
can provide an effective matrix for annexin V immobilization with high stability
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Fig. 4.10 Schematic illustration of a the preparation of SiO,@QDs-Con A nanoprobe via layer-
by-layer assembly; b the fabrication of the electrochemical cytosensing interface; ¢ the expo-
sure of phosphatidylserine residues on the outer surface of the cell membrane during apoptosis;
d sandwich electrochemical sensing strategy for the apoptotic cells.QD quantum dot. (Reprinted
with the permission from Ref. [34]. Copyright 2011 American Chemical Society)

and bioactivity (Fig. 4.10). Meanwhile, lectin-based nanoprobes are assembled on
CdTe quantum dots—labeled silica nanospheres, which can specifically recognize
carbohydrate on cell surface. Therefore, after a sandwich electrochemical sensing
strategy is employed, detection of apoptotic cells can be achieved with a very high
sensitivity.

4.3 Electrochemical Cytosensors

Cells have also been directly analyzed with electrochemical technique. To perform
the direct electrochemical analysis, immobilization of cells onto the surface of an
electrode is the key procedure. Therefore, many biocompatible matrices have been
fabricated for cell immobilization, where the cells may well maintain their func-
tions [35]. Among the prepared materials, biocompatible nanoparticles might be
the best candidates, so they have been used for the construction of non-toxic bio-
mimetic interface to immobilize cells [16, 36].

The adhesion of cells onto an electrode surface can be affected by many fac-
tors, such as topography, roughness, hydrophobicity, charges of the surface and
specific proteins or nucleic acids [37]. Obviously, if the cell immobilization onto
an electrode surface may mimic the natural cell adhesion on a solid support, the
activity of cells will be better maintained.
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Table 4.1 Characteristics of electrochemical analysis of cells? [8]

Modified electrode Cells Linear response range Ref

Antibody/ITO IDAM Escherichia coli O157:H7 4.36 x 10°-4.36 x 108 [40]
cfu/mL

SAM/Au Saccharomyces cerevisiae 102-108 cfu/mL [41]

AuNPs-chitosan gel/GCE K562 leukemia cells 1.34 x 10*-1.34 x 10% [42]
cells/mL

Polyaniline/SPCE K562 leukemia cells 10%-107 cells/mL [43]

Carbon nanofiber-chitosan/GCE K562 leukemia cells 5 x 103=5 x 107 [44]
cells/mL

Antibody-biotin/neutravidin/ Escherichia coli 10-103 cfu/mL [45]

biotin-SAM/Au

Antibody/epoxysilane/ITO Escherichia coli O157:H7 6 x 10*-6 x 107 [46]
cells/mL

Antibody magnetic NPs/Au IDAM  Escherichia coli O157:H7 7.4 x 10*-7.4 x 107 [47]
cfu/mL

Antibody/Au IDAM Escherichia coli O157:H7  10*-107 cfu/mL [48]

4Abbreviations: IDAM interdigitated array microelectrodes, ITO indium tin oxide, NPs nanoparti-
cles, SAM self-assembly monolayer, SPCE screen printed carbon electrode

Cells always have excellent insulating properties, which may preserve the
local ionic environment at electrode/solution interface [38—40]. Therefore, the
changes in electrochemical impedance spectra can be used to monitor the cel-
lular viability, number and adhesion status. On the other hand, the thickness of
cell membranes usually lies in 5-10 nm, and the capacitance and resistance are in
the ranges of 0.5-1.3 WF cm? and 10°-10° Q cm?, respectively. The cell attach-
ment to an electrode surface can produce a barrier that hinders the electron trans-
fer of redox probes with the electrode, which results in an increase in the electron
transfer resistance (Re). Therefore, electrochemical quantification of cells can be
available by using electrochemical technique, since the increase in R is related
to the amount of cells immobilized onto an electrode surface. For instance, Yang
et al. [40] have conducted the study for the detection of Escherichia coli O157:H7
with a detection limit of 10 cfu/mL to be obtained. A number of other similar
researches have also been carried out [41-48], and the detection of the cell lines
and the corresponding detection ranges have been summarized in Table 4.1.

The measurement by electrochemical impedance spectroscopy can not only
quantify the number of cells but also show the change of cells on the surface of an
electrode [49]. As shown in Fig. 4.11, with the proliferation of cells on an electrode
surface, the diameter of the semicircular part of spectra increases significantly, since
the electron transfer resistance is gradually enhanced with the growth of the cells.

Cheng et al. [50] have developed another sensitive and selective membrane-
based electrochemical nanobiosensor for quantitative label-free detection of E.
coli cells and the analysis of cells viability. The innovation of this strategy lies
in the blocking of nanochannels of a nanoporous alumina-membrane-modified
electrode, while immune reaction occurs on the nanoporous membrane when



4.3 Electrochemical Cytosensors 55

12 .
1549
L
@ -
0 100 200, !
~ 1.0 Time (h) .
s L v
:- . e, ':t :
N AR RN .
05 - X RAS “e, .
LRV < ., o
& e
o - v"“:; @ m
L) “j
0.0 4 nm © o ©
0 1 2 3
Z" (k)

Fig. 4.11 Electrochemical impedance spectroscopic detection of cells adhesion at a bare and
b zwi-film-modified electrodes and K562 cells proliferated on zwi-film-modified electrode after
cell incubation for ¢ 24, d 48, e 72, £ 96, g 120 and h 140 h. Inset is the plot of the relation-
ship between electron transfer resistance and proliferation time of K562 on zwi-film-modified
electrodes. (Reprinted with the permission from Ref. [49]. Copyright 2005 American Chemical
Society)

the E.coli cells exist (Fig. 4.12). Moreover, cyclic voltammetry can be applied to
obtain direct electrochemical signal. This cell biosensor can obtain a low detection
limit of 22 cfu/mL over a logarithmical linear range of 10-10° cfu/mL.

4.4 Electrochemical Identification and Quantification
of Cancer Cells

Cancer, also termed as malignant neoplasm, is a large group of diseases, in which
cells divide and grow uncontrollably. It has one of the highest mortality among
all diseases in the world. However, from the statistical work of World Health
Organization, 30 % of cancer deaths can be avoided if early diagnosis and treat-
ment are implemented [51, 52]. Therefore, early diagnosis of cancer can improve
survival ratio of cancer patients. It is also one of the most effective protection
approaches against the threat of cancer. So, electrochemical analysis of cancer
cells has attracted great attention in recent years.

Telomeres and telomerase are closely related to the abnormal proliferation of
tumor, and the expression of telomerase activity of human malignant tumors has
been known to be abnormal, so analysis of telomerase activity has been an effec-
tive way for diagnosis and treatment for cancers [53, 54]. Shao et al. [55] have
proposed an electrochemical method for sensitive assay of telomerase activ-
ity based on the strategy that telomerase extracted from cancer cells can trig-
ger the extension of nucleic acid primers immobilized on an electrode surface.
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Consequently, a growing number of guanine-rich telomeric repeats can be added
to the primers; thus, gradual increase in guanine oxidation signal can be obtained.
This method can detect telomerase activity from 3,000 HeLa cells, so the sensitiv-
ity of this method can be even better than the traditional PCR-based methods.
Some research workers in this lab have also proposed a PCR-based strategy
to sensitively identify cancer cells by using electrochemical technique based on
the detection of telomerase activity in cell lysates [56]. After PCR amplification
of telomerase extension product, DPV is employed to measure the electrochemi-
cal response of guanine; thus, sensitive quantification of cancer cells can be also
achieved. Meanwhile, Yang et al. [57] have developed a label-free electrochemical
impedance sensor for the assay of telomerase activity without using any amplifica-
tion technique, and the sensitivity of this method can be as low as for the detection
of 1,000 HeLa cells. Recently, Li et al. [58] further improved the detection limit
to be 10 cells. The uses of AuNPs-mediated signal amplification strategy, instead
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Fig. 4.13 Schematics of the electrochemical detection of cells and the analysis of the sur-
face carbohydrates. (Reprinted from Ref. [64], with kind permission from Springer Science +
Business Media)

of PCR amplification of telomerase extension product which is also laborious and
time consuming, have promised the extremely high sensitivity.

In recent years, aptamers have been widely used for the fabrication of biosen-
sors [59-61], so many aptamer-based electrochemical studies have been conducted
for the detection of tumor protein biomarkers, such as human sticky protein-1
(MUC1), platelet-derived growth factor (PDGF), thrombin or even tumor cells, for
instance human T-cell acute lymphoblastic leukemia cells CCRF-CEM [62, 63].
Shao et al. [64] have made use of anti-selectin aptamer for the analysis of tumor
cells by successively immobilizing 5-hydroxy-3-hexanedithiol-1, 4-naphthoqui-
none (JUGy;,), the electrochemical reporter and anti-selectin aptamer on the sur-
face of a gold electrode. As shown in Fig. 4.13, steric hindrance caused by the
aptamer will reduce the electron transfer rate between JUGy,j, and the electrode;
thus, only a weak electrochemical response can be obtained. However, after the
combination of aptamer and L-selectin, the steric effect is eliminated; thus, a high
electrochemical wave can be observed. Nevertheless, when human colon adeno-
carcinoma cells LS180 with abundant polysaccharides on the surface are intro-
duced, the competitive binding of cells with the selectin molecules will make the
aptamer to obstruct the electron transfer between the electrode and JUGyy, again.
Based on the relationship between the decreased peak current and the increased
cell concentration, the method may report a linear detection range of 103-107
cells/mL for the detection of the cancer cells.

In many disease diagnoses, the identification of different cells plays a signifi-
cant role, so some strategies have been proposed to identify different kind of cells.
For instance, de la Escosura-Muniz et al. [65] have proposed an electrochemi-
cal method to distinguish target cells based on the immobilization of B-cell lym-
phoma HMy2 (HLA-DR positive) and prostate cancer PC-3 (HLA-DR negative)
on the surface of a carbon-coated electrode, where the cells can grow well, similar
to the state in plastic culture flasks. Through immune response between antihu-
man DR monoclonal antibody (#DR) and HLA-DR expressed on the cell surface,
aDR antibody modified with AuNPs is linked to HLA-DR-positive cells HMy2
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Fig. 4.14 a Left is the cyclic voltammograms for 1 M HCI solution (blank curve, A) and for
increasing concentrations of AuNPs in 1 M HCI: (B) 0.96, (C) 4.8, (D) 24, (E) 120, (F) 600 and
(G) 3,000 pM. Right is the chronoamperograms recorded by applying a potential of —1.00 V for
5 min, using a 1 M HCI solution (blank curve, A’) and the same AuNPs concentrations in 1 M
HCI as detailed above (B'~G’); b Left is cyclic voltammograms recorded under the same condi-
tions as in (A), which is for the blank (curve A) and for a solution of the conjugate AuNP/aDR
(curve B). Right is chronoamperograms recorded under the same conditions as in a, which is for
the blank (A’) and for the conjugate AuNPs/aDR (B’). Reprinted with the permission from Ref.
[65]. Copyright 2009 American Chemical Society)

surface, while the reduction in hydrogen ion catalyzed by the nanoparticles can be
achieved to produce electrochemical signals. Based on the catalytic signals, HLA-
DR-positive HMy?2 cells can be easily distinguished from the negative control cell
line PC-3 (Fig. 4.14).

In order to more sensitively detect cancer cells, some signal amplification strate-
gies have been proposed. For instance, Li et al. [66] have reported an approach by
using electrochemical current rectifier for the detection of folate receptor—rich can-
cer cells. The basic property of electrochemical current rectifier is that only unidirec-
tional current can pass through, so the authors firstly immobilize some redox-active
electron transfer mediators on the electrode surface with an insulating layer, generat-
ing weak current signal (Fig. 4.15). Then, the electron transfer mediators are modi-
fied, which can further modulate the electrochemical behavior of the solution-phase
redox probes; thus, a unidirectional current signal from the solution-phase redox
probes with much higher magnitude can be obtained. Furthermore, the current sig-
nal will be greatly decreased upon the binding of cells on the electrode, as the insu-
lating cell membranes will block the electron transfer again. The response to HeLa
cell concentration can be as low as 10 cell/mL, and the detection only requires 30 s.

The cancer cells treated with anticancer drugs have also been analyzed by
using electrochemical technique. For instance, in the study conducted by El-Said
et al., some HeLa cells are firstly fixed on gold film—covered silicon substrate.
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Fig. 4.15 Electron-transfer mechanism of cathodic electrochemical current rectification and
the resultant signal amplification in the present system (from a to b). Folic acid was covalently
immobilized to the electrode to target folate receptor—rich HeLa cells. A decreased signal was
produced upon cell binding (from b to ¢). (Reproduced from Ref. [66] by permission of The
Royal Society of Chemistry)

The immobilized HeLa cells may exhibit a good quasi-reversible cyclic voltam-
metric response, and the peak current increases with the number of the fixed cells.
However, after the attached living cells are treated by anticancer drugs, the electro-
chemical response will be decreased, indicating the inhibition of cell growth [67].
Moreover, an increased concentration of the used anti-tumor drug will result in the
decrease in the observed peak current.

4.5 Nanomaterials-Based Electrochemical
Analysis of Cancer Cells

Due to the unique advantages of nanomaterials in optical, thermal, electrical, mag-
netic, mechanical and chemical properties, a growing number of nanomaterials
have been employed for the electrochemical analysis of cancer cells, so we will
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specially summarize the achievements in this section, although some studies have
been commented in the above sections.

Jia et al. [68] once proposed a method for fast magnetic separation, cell immo-
bilization and electrochemical detection by using positively charged magnetic
nanoparticles. While the magnetic nanoparticles attached to cancer cells could be
isolated in a magnetic field and then tightly immobilized on an electrode surface,
the endogenous electroactive species of the cells would transfer electron to the
electrode, leading to an obvious anodic peak. They have also observed that growth
of the cancer cell will be inhibited if an anticancer drug 5-fluorouracil is added
in the test solution; thus, the endogenous substances will be reduced, making the
peak current to be decreased.

Liu et al. [69] have reported an electrochemical method to detect the cancer
cells rich in folate receptor by using folic acid—functionalized AuNPs. Since the
folic acid—functionalized AuNPs have been immobilized on an electrode surface,
due to the interaction between folic acid immobilized on AuNPs and its receptor
overexpressed on tumor cell membrane, the cancer cells are then attached onto the
electrode surface; thus, the electrochemical communication between the electro-
active probes Ks[Fe(CN)gl/K4[Fe(CN)g] and the electrode will be changed. By
making use of the electrochemical change, the folic acid—functionalized AuNPs—
modified electrode can clearly denote folate receptor—positive tumor cells, such as
ovarian tumor cells and human cervical cancer cells.

Zheng et al. [70] have also proposed an electrochemical method for the detec-
tion of folate receptor—positive tumor cells. As shown in Fig. 4.16, by making use
of the specific recognition of the nanoprobes fabricated with polydopamine-coated
CNTs and folate to cell surface folate receptor, the cancer cells can be electro-
chemically detected with electrochemical impedance spectroscopy technique.
The proposed method can be used for the detection of as low as 500 cells, since
the constructed nanoprobes may contribute a greatly enhanced electrochemical
response.

Ding et al. [71] have fabricated a sandwich structure for the detection of K562
cells by making use of concanavalin globulin A (Con A)-modified electrode and
AuNPs which are also modified with Con A. Since Con A modified on the sur-
faces of both the electrode and the nanoparticles can combine with the K562 cells,
the sandwich structure can be constructed. The detection range of this method
can be from 1.0 x 10% to 1.0 x 107 cells/mL. They have also used the fabricated
sandwich structure to analyze polysaccharides on the K562 cell surface, and the
amount of mannose moieties on a single living K562 cell is measured to corre-
spond to 4.7 x 10° molecules of free mannose.

Chen et al. [72] have used MWCNT-modified electrode to analyze the change
in electrochemical behavior of the K562 cancer cells treated by anti-tumor drugs.
Since MWCNT can promote the electron transfer between the electroactive cent-
ers of the cells and the electrode, an irreversible voltammetric response at around
+0.8 V can be observed in the first scan. Based on the obtained electrochemical
wave, an electrochemical method is developed as an effective way to study the
effect of anti-tumor drugs on cancer cells.
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Fig. 4.16 Schematics of the folic acid—targeted cytosensing system. FA folic acid. (Reproduced
from Ref. [70] by permission of The Royal Society of Chemistry)

Zhang et al. [73] have analyzed the expression of mannose and sialic acid by both
normal cells and cancer cells with a lectin-based biosensor. They firstly fabricate the
biosensor by preparing an AuNPs/MWCNT composite film on the surface of GCE.
After lectins are further immobilized on the electrode surface, cells can be thus
captured. Further studies reveal that the immobilized lectins can be quantitatively
related to the cell surface glycosylation, and mannose may have a high expression
level on the surface of both normal cells and cancer cells, while sialic acid shows
a higher expression level only on cancer cell surface. Moreover, after the specific
interaction between the surface-confined lectins and glycans on certain cell surface,
lectin functionalized AulNPs are also introduced to form a sandwich-type structure.
Due to the amplification effect of AuNPs, greatly enhanced electrochemical signals
can be obtained, and the biosensor can be successfully utilized to quite sensitively
quantify cancer cells and the average amount of sialic acid on a single cell.

Zhong et al. [74] have proposed another effective way to capture cells by using
3-aminophenylboronic acid—functionalized MWCNTs based on the sugar-specific
affinitive interactions that result in the binding of K562 leukemia cells with function-
alized MWCNTs via boronic acid groups. Since the CNTs may provide much rich
binding sites for aminophenylboronic acid to interact with the cells, the detection sen-
sitivity has been greatly improved. At the same time, efficient electronic conductivity
of MWCNTSs can make the electrochemical detection more conveniently operated.
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Fig. 4.17 Schematic illustration of the cell-based electrochemical enzyme-linked immunoassay.
(Reprinted with the permission from Ref. [75]. Copyright 2010 American Chemical Society)

To sensitively analyze cell surface carbohydrate and glycoprotein, Zhang et al.
[75] have designed an electrochemical cytosensor by using nitrogen-doped CNTs,
thionine and AuNPs. As shown in Fig. 4.17, these materials are firstly immobi-
lized on an electrode surface with layer-by-layer technique. Then, lectin Con A is
adsorbed on the electrode surface, which is used as the first tier of signal amplifi-
cation for the detection of HeLa cells. Since HeLa cells have numerous mannose
residues, the cells can be combined with Con A; thus, the cancer cells are further
immobilized on the electrode surface. Moreover, HRP-labeled p-glycoprotein anti-
body is introduced to bind with p-glycoprotein on the cell surface. Consequently,
hydrogen peroxide can be catalytically oxidized by HRP to serve as the second
tier of signal amplification. Based on the cascade signal amplification strategy,
HeLa cells can be detected with a detection limit of 500 cells/mL and a liner
range of 8.0 x 102~2.0 x 107 cells/mL. In addition, with pre-sealing technique,
the mannosyl groups and p-glycoprotein on single HeLa cell can be measured to
be (4 £ 2) x 10'9 molecules of mannose moieties and 8.47 x 10° molecules of
p-glycoprotein.

Cheng et al. [76] have also proposed an effective way to capture cancer cells
with dual signal amplification for sensitive detection of cell surface carbohydrate.
In this strategy, they make use of the specific recognition of the integrin recep-
tors, which are over expressed on the surface of human gastric cancer cell line
BGC-823, to arginine-glycine-aspartic acid-serine (RGDS) that is immobilized on
single-walled CNTs (SWCNTs). As shown in Fig. 4.18, very fine electrochemi-
cal waves can be obtained at the HRP-Con A/BGC/RGDS-SWCNTs/GCE for dif-
ferent BGC cell concentrations. Based on the dual amplified signal by CNTs and
enzymatic reaction catalyzed by HRP, this method can detect as low as 620 cells/
mL cancer cells. In addition, this research group has also generalized their strate-
gies for dynamic analysis of carcinoma cell surface glycans [77].
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By using graphene and aptamer AS1411, Feng et al. [78] have developed a reus-
able and label-free electrochemical sensor for the detection of cancer cells. Since
graphene may have excellent biocompatibility, which can maintain the biologic
activity of cancer cells, and nucleolin overexpressed on the cancer cell surface can
bind with AS1411 with high affinity, the detected cells can be fixed on the electrode
surface, hindering the electron transfer between the electrode and the electrochemi-
cal probe Fe(CN)g> "4~ in the solution. Based on the change in the electron transfer,
detection of cancer cells can be achieved. Moreover, since a complementary nucleic
acid may bind with the aptamer AS1411 more strongly, the fixed cancer cells can be
detached from the aptamer; thus, the fabricated biosensor can be reused.

In living cells, carbohydrate molecules are involved in many important physi-
ological processes, including specific tissue targeting, cell adhesion, cell differen-
tiation, cell recognition of microbial pathogenicity and immune recognition [79].
Moreover, owing to their important role in the occurrence and migration of cancer,
cell surface carbohydrates are often used as the target sites for tumor cell detection
[80, 81]. Therefore, the electrochemical analysis of cell surface carbohydrates can
not only help to understand their role in the development of diseases, but also con-
tribute to the early diagnosis of tumor. Ding et al. [82] have utilized mannose to
fabricate a sugar monolayer on an electrode surface. As shown in Fig. 4.19, based
on the competitive binding with Con A between sugar on the electrode surface and
polysaccharides on cancer cell surface, assay of cancer cell surface polysaccha-
ride can be achieved. In this study, since leukemia cell line K562 rich in surface
mannose can competitively combine with quantum dot-labeled Con A, the bind-
ing of Con A on electrode surface is reduced; thus, the electrochemical response
is decreased accordingly. The proposed method to assay cell surface carbohydrate
can be also used for the detection of cancer cells, the sensitivity of which can be as
low as 107 cells/mL.



64 4 Electrochemical Analysis of Cells

Fig. 4.19 Schematics of A
the assay of cell surface /
carbohydrate. 0D quantum
dot. Reprinted with the
permission from Ref. [82].
Copyright 2008 American
Chemical Society

Ny

Glycan .-, QD ¢

Cell ,®a. . ConA )=
Mannan...-..

-

Current | pA

Combination of nanomaterials with aptamers has opened more opportunities
for the electroanalysis of cells with high sensitivity. For instance, Li et al. [83]
have used aptamer-quantum dots conjugates to design a competitive strategy
for sensitive detection of cancer cells. In this strategy, the complementary DNA
(cDNA) of the aptamer of the target cells is firstly immobilized on a gold elec-
trode. Subsequently, aptamer-quantum dots conjugates are assembled by the for-
mation of double-stranded DNA structure. Nevertheless, since the target cells may
compete with the cDNA to bind with the aptamer-quantum dots conjugates, the
quantum dots will be released from the electrode surface. Therefore, based on the
measurement of the remaining aptamer-quantum dots, which can be determined
by electrochemical stripping measurement of Cd*t concentration in the quantum
dots, the target cells can be detected with a very high sensitivity.

Ding et al. [84] have also combined nanomaterials with aptamers to design a
strategy for electrochemical detection of cancer cells. They firstly fabricate some
AuNPs bifunctionalized with aptamers and CdS nanoparticles. Then, they pre-
pare some magnetic beads modified with the capture DNA molecules. Since the
aptamer immobilized on AuNPs may hybridize with the capture DNA attached
on magnetic beads, some complexes are formed. Nevertheless, in the presence of
the detected cancer cells, AuNPs are released from the complexes, due to the high
affinity between the aptamers immobilized on the AuNPs and their targets. Since
the electrochemical signal can be amplified by the fabricated AuNPs bifunctional-
ized with aptamers and CdS nanoparticles, the detection limit can be 67 cells/mL,
with a detection range from 1.0 x 102 to 1.0 x 107 cells/mL.

Combination of nanomaterials with aptamers may make the electrochemical
analysis of cells to also have a very high selectivity. For instance, Li et al. [85]
have proposed an electrochemical immunoassay to selectively detect breast can-
cer cells by simultaneously measuring two co-expressing tumor markers, human
mucin-1 (MUCI1) and CEA, on the surface of the cancer cells, by using the
aptamer of MUCI1 and CdS nanoparticles. As shown in Fig. 4.20, firstly, breast
cells MCF-7 are attached on the electrode surface through the interaction between
the aptamer previously immobilized on the electrode surface and the MUCI
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Fig. 4.20 Schematic representation of the method for the detection of breast cancer cells

through simultaneous recognition of two different tumor markers. (Reprinted from Ref. [85],
Copyright 2010, with permission from Elsevier)

protein expressed on the cell surface. Then, CdS nanoparticles—labeled CEA
antibody recognizes and binds with the CEA protein, which is also expressed on
the cancer cell surface. Subsequently, anodic stripping voltammetry is employed
to detect cadmium stripping signal; thus, the cancer cells can be quantitatively
detected. Since the cancer cells are analyzed by simultaneously detecting two
tumor markers (MUC1 and CEA) on the cell surface, MCF-7 can be effectively
detected without false-positive results. Meanwhile, with this method, breast cancer
cell MCF-7 can be easily distinguished from other kinds of cells, such as acute
leukemia cells CCRF-CEM and normal cells islet beta cells.
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