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Preface

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

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

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

xv



xvi Preface

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

• Molecular-electronic interfaces;
• Stimuli-responsive (mechanical, electrical, chemical and 

thermal) materials; 
• Real-time monitoring of essential parameters to assess the 

state of biomolecules; and
• Smart biosensing.

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

Th e Editors
August 22, 2015 
Ashutosh Tiwari

Hirak K. Patra
Anthony PF Turner



Part 1

RECENT ADVANCES IN 

BIOELECTRONICS





3

Ashutosh Tiwari, Hirak K. Patra and Anthony P.F. Turner (eds.) Advanced Bioelectronic Materials, 

(3–34) © 2015 Scrivener Publishing LLC

1

Micro- and Nanoelectrodes in Protein-
Based Electrochemical Biosensors for 

Nanomedicine and Other Applications

Niina J. Ronkainen*

Department of Chemistry and Biochemistry, 

Benedictine University, Lisle, IL, USA

Abstract
Electrochemical biosensors have gradually decreased in size from devices con-

taining electrodes with micrometer critical dimension to nanoelectrodes over 

the past 35 years. Nanoelectrodes are now also being used both in vivo and in 

vitro, in the quantifi cation of various analytes of biological interest such as dopa-

mine, serotonin, glutamate, lactate, glucose, and cancer biomarkers. Th eir small 

size is an advantage, allowing the study of biological analytes in small intracel-

lular and extracellular environments to be less invasive, compared to larger 

electrodes. Micro- and nanoelectrodes have been used in applications such as 

single-cell or single- molecule studies, point-of-care clinical analysis, coordi-

nated biosensor development, and fabrication of microchips. Indeed, biosensor 

applications in medicine utilizing nanoelectrodes and nanoelectrode arrays are 

a rapidly developing research area due to signifi cant advancements in materials 

science, more cost-eff ective and reproducible nanomaterial fabrication methods. 

Th e  electrochemistry, common applications as well as integration of the electronic 

transducer, and the biological recognition components into the appropriate bio-

sensors will be described.

Keywords: Biosensors, electroanalytical methods, microelectrodes, nanoelec-

trodes, nanomaterials, voltammetry, amperometry, clinical analysis

*Corresponding author: NRonkainen@ben.edu



4 Advanced Bioelectronic Materials

1.1 Introduction

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

Many nanobiosensors for clinically relevant analytes, to which nanoma-
terials have been incorporated, have shown signifi cantly improved elec-
trochemical performance when utilizing electroanalytical methods such 
as voltammetry and amperometry. Specifi cally, the incorporation of highly 
conductive nanomaterials such as carbon nanotubes (CNTs) and metal 
nanoparticles into electrochemical biosensors has led to increased signal-
to-noise (S/N) ratios and signifi cantly lower limits of detection. Th ese 
properties are the result of signifi cant changes in diff usion profi les and 
mass transfer of redox-active species at electrodes with small dimensions. 
Th e transition from mass transport by primarily linear diff usion at larger 
electrodes to the domination of radial diff usion at micro- and nanoelec-
trodes will be described in this chapter. Another reason for the amplifi ed 
sensitivity in biosensor devices is the high loading of the biological protein 
components (i.e., enzymes or antibodies) on the large, oft en three-dimen-
sional surface areas of nanomaterials. A number of key nanoscale biosen-
sor applications which utilize biocatalytic and bioaffi  nity sensors will be 
described in detail. Th e main concerns with the use of nanotechnology in 
the fabrication of the clinical devices include the biocompatibility and tox-
icity of some nanomaterials which is currently an area of research. Th ese 
concerns are important because many nanomaterial-based electrodes are 
being considered for implantable devices to be used for real-time diagno-
sis, management and monitoring of certain disease states. For instance, 
cancer diagnosis and management are one of the most common applica-
tions for affi  nity biosensors, while glucose monitoring remains the largest 



Micro- and Nanoelectrodes in Protein 5

and most profi table catalytic biosensor application. In addition, biosensor 
applications also exist for cardiovascular, infectious, autoimmune, psychi-
atric, and neurogenerative diseases. However, there remain challenges in 
the fabrication of protein-based nanobiosensors for clinical applications 
such as the low concentrations of analyte molecules in relatively complex 
biological sample matrix (e.g., blood), the requirement of ultralow detec-
tion limits (DLs) (nM and below) for certain analytes, the biocompatibil-
ity and safety of the nanobiosensors, a need for multiplexing capabilities, 
practical detection times, sample size requirements, selectivity of in vivo 
biosensors in the presence of multiple similar molecules as well as various 
interfering species, ease of use, the ability to scale up developed prototypes 
into mass production, and the storage stability of the biological compo-
nents of nanobiosensors such as enzymes and antibodies. Some of these 
challenges will also be discussed.

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

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

Since the electrochemical oxidation or reduction of the analyte species 
occurs at the interface of the electrode(s) and the transducer(s), the ana-
lyte molecules must be transported from the solution to the electrode sur-
face in order to be detected. Th is movement between an electrochemical 
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detection cell and the electrode surface is called mass transport. Th ere 
are three modes of mass transport that are of signifi cance in electroana-
lytical techniques. Th ese are migration, hydrodynamic mass transport, 
and diff usion. Migration is the movement of charges particles due to their 
interaction with an electric fi eld such as that which occurs in the vicin-
ity of electrodes. For example, anions are attracted by a positively charged 
electrode and repelled by a negatively charged electrode. An inert, sup-
porting electrolyte, which decreases the fi eld strength near an electrode, 
can be added to most electroanalytical techniques in order to minimize 
migration eff ects. Hydrodynamic mass transport, as implied by its name, 
is caused by the movement of the sample solution due to rotating the elec-
trode, stirring the solution, or fl owing the solution through the detection 
cell. Th e solution itself continuously transports redox-active reactants to 
the electrode surface and also carries away the electrogenerated product. 
Diff usion, which is a key factor in virtually every type of electrochemi-
cal measurement, is the simplest and best understood process infl uenc-
ing electrochemistry. Certain mathematical relationships and diff erences 
in diff usion profi les of electrodes with diff ering dimensions, shapes, and 
confi gurations will be addressed in this chapter.

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

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

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

1.2.1 Electrochemistry and Advantages of Microelectrodes

Microelectrodes have several important advantages over macroelectrodes 
(which have dimensions in the millimeter scale) and allow the develop-
ment of several approaches to investigating electrochemical phenomena 
and monitoring living biological systems. Individual microelectrodes with 
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various geometries, such as inlaid ring disks, bands, cylinders, cones, inlaid 
disks, and hemispheres as well as arrays of closely spaced microelectrodes 
have been constructed [6,8]. Microelectrodes with bands or ring geometries 
may be prepared using lithography or foils and fi lms. Disk- or cylinder-
shaped microelectrodes are prepared using gold and platinum microwires 
as well as carbon fi bers among others. Metal disk electrodes encapsulated 
in glass have been very popular due to their ease of fabri cation [8].

Most electroanalytical detection techniques measure current, poten-
tial, or impedance. Th ese techniques can be divided into four main cat-
egories: voltammetry, amperometry, potentiometry, and coulometry. 
Voltammetry and amperometry are popular electroanalytical detection 
methods that are commonly performed using micro- and nanoelectrodes. 
In amperometry, a constant potential (mV) is applied to the sample, while 
changes in current Δi (A) are detected. In voltammetry, the potential is 
varied over time, while changes in current Δi (A) are measured. In coulom-
etry, which measures charge (C), the amount of an electroactive analyte 
can be quantifi ed based on measurement of the total coulombs of elec-
tricity needed to completely oxidize or reduce the analyte. Potentiometry 
does not involve an oxidation–reduction process and measures the cell 
potential, E

membrane
 (V or mV) across a thin, selectively permeable mem-

brane. A more detailed description of various electroanalytical techniques 
and their use in electrochemical immunosensors may be found in a recent 
review paper [9].

Electrochemical detection cells (Figure 1.1) typically consist of two or 
three electrodes. A two-electrode system consists of working and refer-
ence electrodes, whereas a three-electrode system consists of working, ref-
erence, and auxiliary electrodes. Th ree-electrode setups tend to be more 
commonly used in voltammetry and amperometry. Th e working electrode 
(a.k.a. indicator electrode) is usually made of a solid, conductive material 
such as gold, platinum, or glassy carbon. In the three-electrode system, the 
charge from electrolysis passes through the auxiliary electrode (a.k.a. the 
counter electrode) instead of the reference electrode, thereby protecting 
the reference electrode from changing its half-cell potential against which 
electrochemical processes are measured over time. A reference electrode 
is a known half-cell such as silver/silver chloride (Ag/AgCl) or saturated 
calomel electrode (SCE) that is reversible, insensitive to the sample solu-
tion, obeys the Nernst equation, provides constant potential throughout 
an analysis, and returns to its original potential aft er an analysis. Using 
electrochemical detection, measurements may also be made in very small 
sample volumes such as drops as opposed to more traditional sample cells 
with milliliter volumes.
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Th ree bioelectrochemical redox species of signifi cance in biosensors 
and assays that are commonly used in studying the performance of newly 
prepared electrodes and new electroanalytical detection methods include 
hydrogen peroxide (H

2
O

2
), 4-aminophenol (PAP), and ferrocene carbox-

ylic acid (FCA, C
11

H
10

FeO
2
).

Ferrocene molecules are metallocenes that have a sandwich structure 
with a redox-active iron (III) ion at their center (the structure of FCA 
is shown in Figure 1.2). FCA (Fe3+ at the center) undergoes a reversible 
single-electron oxidation to ferricene (Fe2+). In an electrochemical cell, 
the forward (oxidation) reaction is favored at potentials positive of the E

0
 

Ag/AgCl wire reference

electrode

40 microliter drop

with beads Hydrophobic surface:

Parafilm  coated glass

Pt wire auxiliary

electrode

Carbon fiber

microelectrode

Rare earth magnet

Figure 1.1 A simple electrochemical detection cell consisting of three electrodes that can 

be used in bead-based sandwich immunoassay detection step. Th e working electrode, a 

carbon fi ber microelectrode, is lowered into the sample drop that beads on a hydrophobic 

surface along with Ag/AgCl wire reference electrode and a Pt wire auxiliary electrode. A 

rare earth magnet is used to gather the gold nanoparticles that contain all the biological 

components of the immunoassay (antibodies, antigens, and enzyme labels).

Figure 1.2 Structure of FCA, a common model species used in bioelectrochemistry.

O
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resulting in a positive current. Th e reverse (reduction) reaction is favored 
at potentials negative of the E

0
 for the redox couple giving a negative cur-

rent. When a redox reaction is 100% reversible, the oxidation and reduc-
tion peak currents are equal. Since the electrochemistry of these species is 
well known, it is possible to characterize and compare the performance of 
electroanalytical probes with diff erent sizes, arrangements, and geometries.

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

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

β-D-glucose + GOx-FAD → GOx-FADH
2
 + δ-D-gluconolactone

 (1.1)
 GOx-FADH

2
 + O

2
 → GOx-FAD + H

2
O

2 
(1.2)

Th e two-electron transfer during the oxidation of H
2
O

2,
 generated in 

Equation 1.2, results in the current response of the enzyme electrode [16]. 
GOx exists as a dimeric protein with a molecular weight of 160,000 Da [14]. 
A single molecule of fl avin adenine dinucleotide (FAD) is tightly bound to 
each monomer of GOx [15]. GOx, obtained from the fungus Aspergillus 
niger, is an ideal enzyme for glucose biosensors due to its high specifi city, 
high stability, high turnover, resistance to proteolysis, and low cost [17].
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Th e reversible, two-electron oxidation reaction of another well-charac-
terized redox couple, PAP to 4-quinone imine (PQI) shown in Equation 
1.3, and reduction back to PAP can easily be detected using an electroana-
lytical method called cyclic voltammetry (CV). PAP electrochemistry will 
be used as an example throughout this chapter.

H2N OH

PAP

HN

PQI

O + 2e- + 2H+

 

(1.3)

A CV setup typically includes a potentiostat and a three-electrode cell. 
In CV, the potential is linearly swept (i.e., voltage is varied) between two 
fi xed values E

1
 and E

2 
(Figure 1.3) at a fi xed rate known as the scan rate (v). 

Th e rate of change of potential with time at a given the scan rate (v), has 
units of mV/s. When the voltage reaches E

2
 (the switching potential) at 

time T
1
, the scan is reversed and the voltage is swept back to E

1
 (the fi nal 

potential) producing a triangular shape on a voltage versus time plot for 
one full cycle in CV. Th e fi rst potential sweep typically results in oxidation 
of the redox-active analyte species with a loss of one or two electrodes fol-
lowed by reduction back to its original state.

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

 E = E0+ (RT/nF) ln[Ox]/[Red] (1.4)

in which E0 is the standard cell potential, R is the universal gas constant, 
T is the absolute temperature, F is the Faraday constant, n is the electron 

Voltage

E2

E1

T1
Time

Figure 1.3 Voltage versus time plot for one cycle in CV measurements, where T
1
 is 

the switching time, E
1 
is the initial and fi nal applied potential, and E

2
 is the switching 

potential.
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stoichiometry, Ox is the concentration of the oxidized species, and Red is 
the concentration of the reduced species.

In addition to quantifi cation of redox-active analytes, CV is commonly 
used to characterize newly prepared electrochemical probes. Th e shape 
of voltammetric wave observed in cyclic voltammograms obtained using 
microsized electrodes diff ers signifi cantly from those obtained with con-
ventional macroelectrodes which have diameters in the millimeter range. 
A sigmoidal CV response that retraces on the return sweep is characteristic 
of microelectrodes [18,19], whereas conventional macroelectrodes give a 
“duck”-shaped response with separate well-defi ned oxidation and reduc-
tion peaks [20,21]. A “duck”-shaped voltammogram recorded for a revers-
ible two-electron transfer reaction upon oxidation of PAP to PQI is shown 
in Figure 1.4. Oxidation reaction of PAP to PQI is favored at potentials 
positive of the E0 for the redox couple (i.e., the lower wave or lower part of 
the “duck”). Th e sweep toward more positive potentials produces a current 
response where the current begins to fl ow and eventually reaches a peak 
before dropping. When the scan is reversed, we move back through the 
equilibrium positions toward more negative potentials gradually convert-
ing the electrolysis product back to reactant. Th e current now fl ows from 
the solution species back to the electrode in the opposite direction to the 
initial sweep forming the head of the “duck”.

Th ere are noticeable diff erences in voltammogram shapes which depend 
on the working electrode dimensions and are the result of diff erent mass 
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Figure 1.4 A cyclic voltammogram of 4 M PAP in 10 M MgCl
2, 

0.1 M PBS buff er done 

at scan rate of 50 mV/s with a platinum macroelectrode (d=1.6 mm) against Ag wire 

quasi-reference electrode.
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transport rates within the diff usion layer (i.e., the solution region in the 
vicinity of the working electrode surface) where the redox reaction takes 
place [18–21]. Mass transport at microelectrodes is hemispherical and 
three dimensional due to radial diff usion fi elds. Ultimately, this leads to 
much greater fl ux under diff usion-controlled detection conditions such 
as those found in unstirred samples. In comparison in macroelectrodes, 
most mass transport occurs perpendicular to the electrode surface as pla-
nar diff usion (also known as linear diff usion). Radial diff usion is known to 
signifi cantly enhance the mass transport to/from the microelectrode sur-
face [18,22]. However, it should be noted that diff erent diff usion equations 
are used to describe diff usion as the primary mode of mass transport in 
microelectrode experiments with diff ering electrode geometries [6]. Th e 
diff erence in the diff usion layer profi les between cylindrical micro- and 
macroelectrodes is shown in Figure 1.5 [23]. Th ese commercially available 
electrodes are primarily used to determine the concentrations of electroac-
tive analyte species via use of standard calibration methods. Th e insulating 
material surrounding the electrodes (typically glass or plastic) makes them 
less delicate, easier to handle and set up, but at the same time may limit 
their use in small spaces.

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

Plastic

body

Glass

body

Radial diffusion

Fiber/wire Disk

Planar diffusion

Figure 1.5 Diff usion layer profi les within a sample as indicated by arrows for three-

dimensional radial diff usion at a commercially sold disk-shaped microelectrode (left ) and 

for planar diff usion (a.k.a. linear diff usion) at a macroelectrode surface (right).
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a microelectrode with radial diff usion is much higher than that at a mac-
roelectrode with planar diff usion giving rise to many of the advantages 
of microelectrodes. Furthermore, the higher current density at the micro-
electrode results in a signifi cantly smaller background/charging current 
[6,18]. Th is reduction is signifi cant because the charging current may 
mask the desired faradaic current in certain electroanalytical detection 
methods, such as pulsed voltammetric methods. Also, the charging cur-
rent decreases in proportion to the surface area of the electrode, whereas 
the faradaic current decreases in proportion to the radius under steady-
state conditions [6]. Th is means that the ratio of the faradaic current to the 
charging current is improved as the electrode size decreases which results 
in enhanced S/N ratios during the detection step. Scan rates also aff ect the 
diff usion profi le at the electrode.

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

2 
and 1 M Tris buff er at a slow 

scan rate of 50 mV/s.
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Figure 1.6 Cyclic voltammogram of deoxygenated 4 M PAP in 10 M MgCl
2, 

1 M tris 

buff er using a disk-shaped (d=11 μm) carbon fi ber microelectrode versus Ag wire quasi-

reference electrode at a slow scan rate of 50 mV/s.
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Given the continuous emphasis in literature on decreasing individ-
ual electrode sizes to molecular-level scales, it is easy to forget that the 
electrode geometry and that of its insulating surroundings are just as 
important to consider because they signifi cantly impact mass transport 
of redox-active species to the electrode surface. A perfect hemisphere sur-
rounded by a fl at shroud at the level of the hemisphere’s rim is perhaps 
the ideal shape of micro- and nanoelectrodes because there is a uniform 
fl ux of mass transport of redox-active reactants to the electrode surface 
as well as a uniform current density across the electrode/electrolyte inter-
face [25]. A cross section of an individual hemispherical nanoelectrode is 
shown in Figure 1.7.

As stated earlier, the current at a microelectrode/electrolyte interface 
depends on its geometry. Th e limiting plateau current, i

lim 
(in A), from 

steady-state voltammetry (SSV) such as is obtained via CV for a disk-
shaped microelectrode, is given by Equation 1.5 [4].

 i
lim

 = 4nFrDCb (1.5)

in which F is the Faraday constant, r is the electrode disk radius (in cm), D 
is the diff usion coeffi  cient (in cm2/s), n is the number of electrons, and Cb 
is the bulk concentration of the electroactive species [4].

Figure 1.7 Cross section of an individual hemispherical micro- or nanoelectrode with 

rapid radial mass transport of redox-active analyte from sample solution.
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In comparison, the limiting plateau current, i
lim 

(in A), from SSV for a 
hemisphere-shaped microelectrode, is given by Equation 1.6:

 i
lim

 = 2πnFr
0
DCb (1.6)

in which F is the Faraday constant, r
0
 is the radius of the hemisphere, D is 

the diff usion coeffi  cient (in cm2/s), n is the electron stoichiometry, and Cb 
is the bulk concentration of the electroactive species [4].

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

However, with planar or linear diff usion dominating at macroelectrodes, 
the current is proportional to electrode area, but is independent of their 
geometry. Th e Randles–Sevcik equation (Equation 1.7) describes the peak 
current, i

p 
(in A), for a reversible redox process at a macroelectrode [26]. 

A is the electrode area (in cm2), and v corresponds with scan rate (in V/s).

 i
p
 = (2.69 x 105)n3/2AD1/2Cv1/2 (1.7)

In addition to the geometry and the size of a working electrode, the 
material used to fabricate the electrode also aff ects its performance. Cyclic 
voltammograms obtained using conventional gold (Au), glassy carbon 
(GC), and platinum (Pt) macroelectrodes are shown in Figure 1.8. All of 
the macroelectrode materials noted earlier exhibit well-defi ned oxidation 
waves; therefore, any of the electrodes would be suitable for quantifi cation 
of PAP. However, the gold electrode exhibits the most reversible electron 
transfer and the highest current response as determined by the shape of 
the voltammogram. In addition, the voltage separation (potential diff er-
ence) between the anodic and cathodic peak currents is smaller in the CV 
obtained using an Au electrode. Also, the ratio of the anodic to cathodic 
peak currents is closer to the ideal of one with an Au electrode.

1.2.2  Applications, Cleaning, and Performance of 
Microelectrodes

In addition to monitoring biological systems such as cells or pores, micro-
electrodes have proven to be invaluable detection probes for quantifi cation 
of low-concentration analytes in other applications involving small sample 
volumes [6]. For example, microelectrode detection has been used exten-
sively in small-volume liquid chromatographic separation to increase peak 
resolution in columns with internal diameters in micrometers [27,28], in 
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scanning electrochemical microscopy (SECM) [29–31], in detection of 
bead-based immunoassays [32,33], in resistive solvents [34], and in micro-
fl uidic devices with fl owing solution [35,36].

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

SECM may also be used to characterize newly fabricated electrodes 
along with scanning electron microscopy (SEM) and SSV. SEM is useful 
for examining the seal between the metal or fi ber and the insulating mate-
rial as well as estimating their radii. SSV can be used to estimate the radius 
of the electrode in addition to demonstrating that the newly prepared 
electrode response obeys the applicable microelectrode electrochemical 
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Figure 1.8 Cyclic voltammogram of the oxidation of 4 M PAP to PQI followed by its 

reduction back to PAP. Gold (Au), glassy carbon (GC), and platinum (Pt) electrodes 

(3 mm diameter) were used as the working electrodes.
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theories. Well-characterized aqueous systems that are suitable for the 
aforementioned studies in SSV include the oxidation of ferrocene metha-
nol, the oxidation of ferrocyanide, the reduction of ferricyanide, and the 
reduction of ruthenium hexamine [8].

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

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

1.3 Nanoelectrodes

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

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

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

Nanoelectrodes have been fabricated using several approaches. 
Nanoband electrodes, the fi rst type of nanoelectrode fabricated by White 
et al. in the late 1980s, may be prepared using sputtered or evaporated 
metal fi lms [46,47]. Th e edge of these electrodes is in contact with the sam-
ple solution. In another method, thin wires are carefully etched chemically 
or electrochemically to a cone shape prior to photoresisting or insulating 
all but the tip of the cone with another material such as polyimide [48] 
or Tefl on [49]. Other nanoelectrode preparation methods include electro-
phoretic point deposition [50–53], the use of single- (SWCNTs) or mul-
tiwalled CNTs [54,55], glass encapsulation [56–58], micropipette pulling 
[59], and others. Nanoelectrode arrays (NEA) or nanoelectrode ensembles 
(NEE) may be prepared by deposition of metallic layers through nano-
porous polymeric membranes. In vivo voltammetry and electrochemical 
imaging applications require disk or hemisphere-shaped nanoelectrodes. 
Th e preparation of hemispherical nanoelectrodes, such as the one depicted 
in Figure 1.7, with ≥1 nm radii via electrochemical etching of Pt or PtIr 
alloy microwires followed by insulating all but the tip of the tapered cone 
was fi rst described by Penner et al. [57].

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

Nanowires are nanosized structures with diameters in 10−9 m scale and 
no restriction in length. Nanowires as long as 1 mm have been synthe-
sized, but a typical length is about 1 μm. Due to their length being sev-
eral orders of magnitude greater than their width, these nanostructures 
are oft en viewed as being one dimensional (1-D). Th e small sizes and 1-D 
structures of nanowires result in unique physical properties when com-
pared to conventional three-dimensional wires. Nanowire conductance 
can be carefully controlled by preparing the wire from diff erent substrates. 
Nanowires have been synthesized from metals (such as Au, Ni, Cu, and 
Pt), metal oxides (such as ZnO, SnO

2
, and Fe

2
O

3
), silicon/indium/gallium 

semiconductors, and silicon/titanium oxide insulators. As one may expect, 
metallic nanowires are the most conductive.

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

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

Figure 1.9 Diff usion layer profi les at nanoelectrodes array with individual diff usion 

regimes (top) and at nanoelectrodes ensemble with overlapping diff usion regimes 

(bottom) resulting in primarily 1-D, planar diff usion.
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a broad range of applications for NEAs and NEEs as well as individual 
nanoelectrodes, will be discussed in the next section.

1.3.2 Applications and Performance of Nanoelectrodes

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

Claussen et al. prepared two nanomaterial-based biosensors for gluta-
mate incorporating SWCNTs modifi ed with either Pt nanospheres or Pd 
nanocubes and evaluated their performance in a side-by-side comparative 
study using amperometry and CV [66]. Th e authors fi rst grew low-density 
arrays of SWCNTs on the biosensor surface followed by electrodeposition 
of Pd nanocubes (d=150 nm) and Pt nanospheres (d=150 nm) along indi-
vidual SWCNTs with an average spacing of 366 nm. Th en equal aliquots 
of glutamate oxidase enzyme were drop-coated on the modifi ed surface 
and immobilized by cross-linking with glutaraldehyde. Of note, glutamate 
is an important excitatory neurotransmitter that is involved in locomo-
tion, learning, and synaptic plasticity. Real-time sensing of glutamate levels 
is important in neurological research such as in diagnosing and treating 
neurological diseases like Parkinson’s disease, Alzheimer’s disease, schizo-
phrenia, and epilepsy.
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Sultana et al. recently investigated the performance of a 50 nm thick, 
relatively simple, nanoband electrode structure which formed an array of 
nanoscale electrodes for bioelectrochemical applications [67]. Th e nano-
band electrode was used to detect three common bioelectrochemical redox 
species: hydrogen peroxide (H

2
O

2
), FCA, and PAP with DLs of 2, 89, and 

36 × 10−9 mol dm−3, respectively [67]. Th ese results indicated an increase in 
sensitivity of the nanoelectrode system compared to larger electrodes, with 
DLs of about three orders of magnitude lower for each redox species. Th e 
DL of H

2
O

2
 was comparable to those previously obtained by using nanow-

ires and modifi ed electrodes. Furthermore, the nanoband electrode was 
capable of being used with short and fast modes of interrogation (e.g., fast-
scan cyclic voltammetric) with detection of up to 10 V s−1 which yielded 
higher measurement certainty, while being relatively insensitive to hydro-
dynamic perturbations [67].

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

Bard and Fan achieved what had been the ultimate driving force of ultra-
micro- and nanoelectrode development in electroanalytical chemistry for 
years by observing the electrochemical behavior of a single, isolated mol-
ecule in an SECM experiment [73]. Small, nm range SECM tips and other 
nanoelectrodes are generally capable of measurements of very small cur-
rents, in the picoamp or smaller range. Th e authors isolated a small, dilute 
solution segment by pushing a soft  protruding wax shroud surrounding 
an electrode tip against a fl at electrode substrate, thereby forming a pocket 
that acts as a collector–generator surrounded by an insulating fi lm. Th e 
experimental setup used by Bard and Fan is shown in Figure 1.10. Th e 
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detectable current was produced inside a SECM collector–generator from 
the entrapment of a single molecule (A being reduced to B by accepting an 
electron). Th e molecule in a positive-feedback process has repeated colli-
sions and electron transfers inside the pocket and thereby the current gets 
amplifi ed by repeated cycling between oxidation states of the analyte mol-
ecule back and forth between the 20 nm radius electrode tip and substrate 
increasing the produced current to a readily detectable level. Th e redox 
cycling of the molecule resulted in about 10 million-fold current amplifi ca-
tion and the estimated average single-molecule current of 1.6 pA [73]. Th e 
authors utilized a water soluble ferrocene derivative as the model species 
oxidized at the SECM tip to produce the ferrocenium form that is then 
reduced at the indium tin oxide substrate back to ferrocene form.

Fan and Bard also later reported the current-potential curve at a smaller 
2.8 nm radius electrode immersed in a solution containing micromolar 
concentrations of [(trimethylammonio)methyl] ferrocene (Cp

2
FeTMA+), 

showing discrete steps (a coulomb staircase) representing single electron-
transfer events [74].

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

Conductive

substrate

20 nm

Tip

e-

BA

Reduction

Oxidation

Wax sheath

Figure 1.10 Single-molecule detection strategy with the SECM. Redox-active molecule A 

is trapped between the tip and a fl at conductive substrate surface.
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molecule studies as they would be averaged out in an ensemble of enzymes 
or even a small number of enzyme molecules.

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

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

For many decades, enzyme electrodes relied heavily on synthetic medi-
ators (i.e., electron shuttle molecules) in their design in order to avoid 
dependence on dissolved O

2
 in the production of H

2
O

2, 
which was a major 

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

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

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

1.5 Conclusion

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

frequencies. Specifi cally, we investigate a carbon nanotube (CNT) resonator and 

split-ring resonator as the radio-frequency (RF) biosensor schemes. Th e feasibil-

ity of the sensing devices is demonstrated with the biomolecular binding  systems, 

 biotin–streptavidin, deoxyribonucleic acid (DNA) hybridization, and so on. 

From the experimental data, we analyze in detail the electrical properties with 

the biomolecular binding via a RF circuit modeling. In addition, we introduce the 

recently developed sensing platform that can be associated with a RF active sys-

tem. Finally, we suggest the prospect and direction for RF biosensor in the future.

Keywords: Radio-frequency, biosensor, carbon nanotube, resonator, active 

circuits, sensing platform

2.1 Overview

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

2.2 Introduction

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

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

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

Analyte

Impurity

Biological

detection element

Electronic

signal

Electronics

Transducer

Biolayer

Figure 2.1 Schematic of biosensor.



Radio-Frequency Biosensors for Label-Free Detection 37

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

2.3 Carbon Nanotube-Based RF Biosensor

2.3.1 Carbon Nanotube

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

10nm 10nm 10nm

(a) (b) (c)

Figure 2.2 Transmission electron microscope (TEM) images of diff erent types of CNTs. 

(a) Single-walled CNTs, (b) few-walled CNTs, and (c) multi-walled CNTs. Reproduced 

with permission from Y. Hou, J. Tang, H. Zhang, C. Qian, Y. Feng, and J. Liu, ACS Nano, 

2009, 3, 5, 1057. © 2009, ACS [26].
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biomolecules on the CNT surface leads to a change in the dielectric con-
stant (and capacitance) of the CNTs, RF electrical measurements, particu-
larly frequency-based measurements, can possibly be used for biosensing.

2.3.2  Fabrications of Interdigital Capacitors with Carbon 
Nanotube

In case of the CNT bridging the upper gap of the metal pad, it was fab-
ricated by a patterned catalyst growth technique. First, cocatalyst islands 
were patterned on a SiO

2
/Si substrate, and CNTs were grown by chemical 

vapor deposition (CVD) using a mixture of methane and argon as a car-
bon source at 900 oC. Next, the metal pad was formed to cover the catalyst 
islands. Finally, CNTs were grown in parallel with IDCs. Here, the Au pad 
(~0.1 μm thickness) as IDCs pattern and electrode was fabricated on heav-
ily doped Si substrate with a 500 nm thick grown SiO

2
 layer via photoli-

thography and lift -off  techniques (Figure 2.3a). Meanwhile, IDCs, which 
is a kind of RF passive element that produces capacitance at high frequen-
cies, has long fi nger conductors to provide appropriate coupling eff ect 
between the input and output ports (Figure 2.3b). Since the conductors 
are mounted on a substrate, their height and dielectric constant aff ect the 
capacitors’ performance. In addition, the thickness of the conductor and its 
resistivity also aff ect the electrical characteristics. For a capacitor element, 
its impedance behaves as would be expected from the specifi ed capacitance 

1 m

20 m

g

w

(a)

(b)

Figure 2.3 Photograph of the IDCs-based CNT biosensor. (a) Atomic force microscope 

(AFM) image of a CNT in the 5 um upper gap and (b) multiple fi nger periodic pattern 

in the IDCs (the gap between fi ngers and the width of fi nger are g=10 μm and w=20 μm, 

respectively). Reproduced with permission from H. J. Lee, H. S. Lee, H. H. Choi, K. H. Yoo 

and J. G. Yook, IEEE Transactions on Nanotechnology, 2010, 9, 6, 682. © 2010, IEEE [27].
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at low frequencies. However, the capacitive and parasitic inductive imped-
ance cancel each other out leaving only a resistive component at high 
frequencies. Th e critical frequency is so-called self-resonance frequency 
(SRF). Above this frequency, inductive reactance becomes dominant, as 
it becomes much larger than the capacitive and the resistive components.

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

 

1

2
rf

LC
=  (2.1)

where f
r
 is the resonant frequency, L is the parasitic inductance, and C is 

the designed capacitance. As a result, the IDCs-based CNT device itself 
can be regarded as a novel RF biosensor based on frequency change for 
biomolecular sensing at desired frequency.

2.3.3 Functionalization of Carbon Nanotube

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

250nm 250nm

(a) (b)

Figure 2.4 AFM image before and aft er immobilization onto the CNT. (a) Before 

immobilization and (b) aft er immobilization. Reproduced with permission from H. J. 

Lee, H. S. Lee, K. H. Yoo and J. G. Yook, Th e Journal of Korean Institute of Electromagnetic 

Engineering and Science, 2008, 19, 8, 1. © 2008, KIEES [28].
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to the CNT surface. Finally, the freshly biotinylated device is immersed in 
100 mg/ml streptavidin in PBS solution for 6 hours at room temperature. 
Th e streptavidin has been immobilized onto the CNT surface by strong 
intermolecular attraction with biotin.

2.3.4 Measurement and Results

Each sample was measured with an RF probe tip (40A-GSG-200-P, GGB) 
and a probe station system (PM5HF, Karl Suss) associated with a VNA 
(PNA, E8364A, Agilent). Th e power level is maintained at –17 dBm, and 
the intermediate frequency (IF) is set to 2 kHz for the VNA, and full two-
port calibration has been executed with short-open-load-through calibra-
tion method using a calibration substrate (CS-5, GGB).

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

Re ff ) and the 

IDCs with CNT (f
CNT

) are quite diff erent and the diff erence ( Re f CNTf − ) is 
about 1 GHz. In case of the biotinylated CNT ( Bf ) and streptavidin-bio-
tinylated CNT ( Sf ), the resonant frequency has been observed at 10.82 
and 10.22 GHz, respectively. When biotin is immobilized onto CNT, the 
frequency is shift ed by B CNTf − 200 MHz and streptavidin-biotinylated 
CNT, the frequency is further shift ed by S Bf 600 MHz (Figure 2.5).

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

2.4 Resonator-Based RF Biosensor

2.4.1 Resonator

In general, a resonator is a device that oscillates with the greatest amplitude 
at particular resonant frequencies. Th erefore, it is employed to either gen-
erate waves of specifi c frequencies or to select specifi c frequencies from 
a signal. Th e resonator is a vital element in RF system because it can have 
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characteristics to pass (or stop) want (or unwanted) signals in a frequency 
band. Also, the material properties can be characterized by using a high-Q 
resonator at microwave frequencies. With these characteristics, various reso-
nators have been widely used as a transducer of RF biosensor. In this work, an 
ASRR has been received which is used for RF biosensing scheme (Figure 2.6).
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Figure 2.5 Frequency and phase response to the four confi gurations: IDCs (thin dot 

line), IDCs with CNT (thick dot line), biotinylated CNT (dot–dot line), and streptavidin-

biotinylated CNT (thick solid line). (a) Th e change of self-resonant frequency of S11. (b) 

Th e corresponding phases. Reproduced with permission from H. J. Lee, H. S. Lee, H. H. 

Choi, K. H. Yoo, and J. G. Yook, IEEE Transactions on Nanotechnology, 2010, 9, 6, 682. 

©2010, IEEE [27].
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Figure 2.6 ASRR-based RF biosensor. (a) Schematic of the biosensor consisted of a 

resonator and a microstrip transmission line, signal line (~35 μm)/dielectric layer (0.76 

mm)/ground plane (~35 μm), with a locally high-impedance line, (b) distribution of 

electric and magnetic fi elds with quasi-transverse electromagnetic mode (TEM), and 

(c) distribution of surface current of the resonator. Reproduced with permission from H. 

J. Lee, J. H. Lee, S. J. Choi, I. S. Jang, J. S. Choi, and H. I. Jung, Applied Physics Letters, 2013, 

103, 5, 053702. © 2013, AIP [29].
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In this device, an ASRR having a characteristic of high Q-factor as a bio-
sensing transducer has been designed and, in addition, a high-impedance 
line (w=0.2 mm) with respect to 50 Ω matching line (w=0.72 mm) is partially 
used to increase the surface current intensity. Th e ASRR, i.e., an  inductor-
capacitor (LC) circuit, consisting of inductive and capacitive components, 
is mainly excited by time-varying magnetic fi eld component generated by 
locally high-impedance line. Th e current mode induced by Faraday’s law can 
occur a resonance at specifi c frequency due to the intrinsic ASRR structure.

2.4.2 Sample Preparation and Measurement

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

2.4.3 Functionalization of Resonator

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

Figure 2.8 shows the frequency shift  due to the confi guration of 
α-amylase concentrations, 100, 10, and 1 ng/ml. Aft er immobilizing the 
cys3- mediated protein G and then accommodating α-amylase antibody, 
the binding surface is treated with BSA. With the BSA process, the reso-
nant frequency is changed by approximately 32.30 MHz compared with 
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the bare sample. Finally, in case of the α-amylase antigen with diff erent 
concentrations, i.e., 100, 10, and 1 ng/ml, the corresponding frequency 
shift s are approximately 65.38, 50.00, and 37.03 MHz, respectively. Here, 
the immobilized samples are measured by a test fi xture system (Model 
3680-20, Anritsu) associated with two-port VNA (E8364A, Agilent).

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

 

1

2
f

LC

0
0

0 02

f C L
f

C L
≈ − + 0f f  (2.2)

where L=L
0
+ΔL (L0>>ΔL), C=C

0
+ΔC (C0>>ΔC), 0

0 0

1

2
f

L C
= , and 

Δf 0

0 02

f C L

C L
= + . Here 0f , 0L , and C

0
 are the resonant frequency, 

inductance, and capacitance of the bare resonator, respectively. Regarding 
interaction of the biomolecule with the resonator, as biomolecule is bound 
on the gold surface, the capacitive and inductive components of the res-
onator can be slightly changed and ultimately result in a resonance fre-
quency variation. In particular, the phenomenon of frequency shift  can 
be explained by an equivalent dielectric model of the biomolecular mono- 
and bilayers, namely cys3-mediated protein G with α-amylase-Ab ( 1

err
r ) 

Cys3-linked protein G

BSA blocking

α-amylase-Ab

α-amylase-Ag

(a) (c)

(d) (e)

(b)

Figure 2.7 Bio-conjugation processes: (a) bare resonator, (b) cys3-linked protein G, (c) 

α-amylase antibody (Ab), (d) BSA blocking, and (e) α-amylase antigen (Ag). Reproduced 

with permission from H. J. Lee, J. H. Lee, S. J. Choi, I. S. Jang, J. S. Choi, and H. I. Jung, 

Applied Physics Letters, 2013, 103, 5, 053702. ©2013, AIP [29].
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and α-amylase-Ag ( 2
err
r ), respectively, having diff erent permittivity attrib-

uted to an increase in capacitance as well as in inductance of the resonator. 
Based on the results, the frequency as detection parameters of our device 
can be varied with biomolecular concentration as well as the binding and/
or unbinding state.

2.5 Active System-Based RF Biosensor

2.5.1 Principle and Confi guration of System

Figure 2.9a shows the operating principle of an active RF biosensing plat-
form. Th e system consists of an oscillator, a surface acoustic wave (SAW) 
fi lter, and a power detector. Th e biosensing mechanism of the system is as 
follows: fi rst, the oscillation frequency is changed by the impedance varia-
tion of the planar resonator due to the biomolecular immobilization. Here, 
the immobilization has an eff ect on the surface characteristics of the reso-
nator, thus changing the resonator impedance components, such as resis-
tive (R), inductive (L), and capacitive (C). Moreover, the resonator plays 
important roles in sensing as well as feedback component in the system. 
Since the target biomolecules are much smaller in size compare to the RF 
devices and almost weightless, the frequency deviation due to the immobi-
lization is extremely small. As a result, with conventional circuit topologies, 
the detection capability was not sensitive enough for medical applications. 
To overcome this diffi  culty, a SAW fi lter is used at the oscillator output to 
increase the sensitivity of the system. Assuming that the impedance varia-
tion and resulting frequency deviation are in the locking range of the oscil-
lator, the output amplitude of the SAW fi lter can be maximized in the skirt 
frequency region which is just outside of the pass band. As a result, even 
though the frequency deviation is small, the small variation can be trans-
formed into a large voltage fl uctuation and power detector is adapted at 
the output of the SAW fi lter to transform the frequency deviation of the 
oscillator to the variation of DC voltage. Th is signal can be easily digitized 
for additional digital signal processing. With this approach, the oscillation 
frequency deviation can be eventually used for biosensing. In particular, 
Figure 2.9b shows in detail the schematic diagram of the 2.4 GHz ampli-
fi er and cascade type resonator combined with an emitter follower-type 
buff er amplifi er [30–32]. Here, the buff er amplifi er of the emitter follower 
type is used to prevent a strong mutual interaction between the oscilla-
tor and the fi lter because the oscillation condition can be changed by the 
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rapid impedance variation at the skirt frequency range of the SAW fi lter. 
Figure 2.9c represents sample of active system with resonator, respectively.

2.5.2 Fabrication of RF Active System with Resonator

2.5.2.1 Functionalization of Resonator

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

Power detector

Power
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D.C
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Figure 2.9 Schematic diagram of RF biosensing platform. (a) Schematic of the biosensing 

platform, (b) layout of fabricated resonator and system, and (c) schematic of oscillator and 

buff er amplifi er. Reproduced with permission from S. G. Kim, H. J. Lee, J. H. Lee, H. I. Jung, 

and J. G. Yook, Biosensors and Bioelectronics, 2013, 50, 0, 362. © 2013, Elsevier [33].
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diff erent streptavidin concentration, i.e., 100, 10, and 1 ng/ml in DI water 
about 1 hour. Similarly, the biological process of DNA hybridization has 
been progressed with the same method as the biotin–streptavidin system. 
All samples are immobilized with 25 μg/ml concentration of thiol-linked 
ssDNA (5´-CTA gAA TTC TgC CAC TTT ATA CAT TCC-3´) in PBS 
water for about an hour. Aft er treating with BSA, the ssDNA is coupled 
with three diff erent complementary deoxyribonucleic acid (cDNA) (5´-
ggA ATg TAT AAA gTg gCA gAA TTC TAg-3´) concentrations, i.e., 100, 
10, and 1 ng/ml in PBS for about 1 hour. Finally, aft er washing with pure DI 
water or PBS, the samples are measured with the proposed measurement 
system.

2.5.3 Measurement and Result

Before starting the biological process, the eff ect of frequency deviation 
with DI solution on the resonator has been tested. Th ree samples are used, 
and each sample is measured fi ve times for oscillation frequency devia-
tion. Aft er drying process, the measured samples show slight diff erences 
compared to bare samples. However, it is found that the DI solution causes 
minimal eff ect on oscillation frequency deviation. Th e other samples (15) 
have been also prepared for biological process, and each sample is mea-
sured fi ve times for the variations of oscillation frequency, SAW fi lter out-
put power, and the power detector output voltage for each biomolecule. 
Figure 2.11a–c shows the measured results of the aforementioned sens-
ing parameters for thiols-linked biotin and streptavidin with diff erent 
concentration levels of streptavidin and cDNA. Each sensing parameter 

Figure 2.10 Bio-conjugation processes: (a) biotin–streptavidin: thiol-linked biotin 

(fi rst step), BSA blocking (second step), and streptavidin binding (third step). (b) DNA 

hybridization: thiol-linked biotin (fi rst step), BSA blocking (second step), and cDNA 

binding (third step). Reproduced with permission from S. G. Kim, H. J. Lee, J. H. Lee, H. I. 

Jung, and J. G. Yook, Biosensors and Bioelectronics, 2013, 50, 0, 362. © 2013, Elsevier [33].
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Figure 2.11 Frequency, amplitude, and voltage as the biomolecular immobilization. (a) 

Oscillation frequency deviation, (b) output power, and (c) power detector of the biotin–

streptavidin binding system. (d) Oscillation frequency deviation, (e) output power, and (f) 

power detector of the DNA hybridization system. Reproduced with permission from S. G. 
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0, 362. © 2013, Elsevier [33].

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

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

2.6 Conclusions

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

Abbreviations

AC Alternating current
AFM Atomic force microscope
ASRR Asymmetric split-ring resonator
BSA Bovine serum albumin
 cDNA complementary deoxyribonucleic acid
CNT Carbon nanotube
CPW Coplanar waveguide
CVD Chemical vapor deposition
DC Direct current
DI Deionized
DMF Dimethylformamide
DNA Deoxyribonucleic acid
DR Dielectric resonator
FET Field-eff ect transistor
IDCs Interdigital capacitors
IF Intermediate frequency
MEMS Micro-electromechanical system
PCB Printed circuit board
PBS Phosphate-buff ered saline
PR Photoresist
RF Radio-frequency
RFID Radio-frequency identifi cation
SAW Surface acoustic wave
ssDNA Single-stranded deoxyribonucleic acid
SRF Self-resonance frequency
 TEM Transmission electron microscope
VNA Vector network analyzer
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Abstract
Molecular diagnostics is defi ned as the use of biological markers, spanning from 

nucleic acids to proteins and small molecules, to test for specifi c states of health 

or diseases, possibly their progression, as well as the assessing of the risk of their 

development by a prognostic molecular profi ling. Molecular diagnostics may 

eventually aid to fi nalize the best therapy for a given individual patient, that is, the 

ability to provide tailored therapies through the analysis of the patient’s molecular 

specifi city related to its disease. Biosensing represents at present an interesting tool 

for applications to molecular diagnostics. In particular, in the past years, many 

attempts have been devoted to apply diff erent label-free transduction principles 

such as conventional surface plasmon resonance (SPR) and SPR imaging (SPRi) 

for the analysis of biomarkers in real matrices.

Th is chapter will deal with the main aspects to be considered in the develop-

ment of innovative ultrasensitive, and label-free biosensors for molecular diag-

nostics. In particular, the identifi cation/selection of the suitable bioreceptors and 

the signal sampling and management of the interaction between the biomarker 

(analyte) and the bioreceptors are two key aspects to take into account. Th e proper 

immobilization chemistry applied for biomolecules tethering on the sensing sur-

face is an additional point, especially in order to reduce possible matrix eff ects 

in real samples and to allow the biosensor reuse. Finally, strategies for signal 

enhancement aimed to improve system sensitivity will be also considered in this 

chapter, and examples of some application to protein and DNA analysis in human 

specimens will be also provided.
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3.1 Introduction

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

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

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

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

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

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

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

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

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

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

3.2.1 Antibodies and Th eir Mimetics

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

a
 and k

d
), and form their ration the affi  nity constant (K

A
 and 

K
D
) of the complex).
Generally, the approaches used in assays to develop affi  nity immuno-

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

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

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

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

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

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

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

3.2.2 Nucleic Acids and Analogues

Nucleic acids and their analogues as bioreceptors are successfully and 
widely exploited for affi  nity-based SPR biosensors [46]. In particular, 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), peptide nucleic acid 
(PNA), and locked nucleic acid (LNA) are the classes of nucleic acids most 
exploited as oligonucleotide probes [47, 48]. Th eir application for clinical 
diagnostics spans from the detection of pathogenic microorganisms and 
other pathogenic agents like viruses to the traceability of genetic mutations 
and polymorphisms related to a large variety of diseases [49]. Th e recogni-
tion of the target part, i.e., a single-stranded (ss) DNA/RNA sequence, is 
based on its fully complementarity to the bioreceptor, i.e., the immobilized 

Working electrode

(bare Au)

Electrochemical

polymerization

Reference

electrode

(Ag/AgCl)
Count

electrode (pt)

Laser

Pt

(b)

(a)

Detector

Rebinding

Pyrrole

θ’

Zearalenone

Removal of

template

Resonance angle shift

( ’)

Figure 3.2 Schematic diagrams of the setup for electropolymerization and SPR for 

detecting zearalenone. (a) Preparation of molecularly imprinted polypyrrole on bare Au 

using a three-electrode electrochemical system. (b) Th e shift  in resonance angle of the SPR 

sensor resulting from the rebinding of zearalenone to the MIPPy fi lm.
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probe. Respect to other bioreceptors (natural and synthetic), those based on 
nucleic acids display several advantages such as a high-stability, a low-cost, 
and in vitro production, the possibility of working on target DNAs aft er 
their amplifi cation by PCR (Polymerase Chain Reaction) with consequent 
benefi ts in terms of detectability of samples at very low starting concentra-
tion. Moreover, by playing on tailored nucleotide sequences (3’/5’ modifi -
cations, insertion/deletion of specifi c regions) and their combination with 
specifi c enzymatic activities (i.e., DNA polymerases, ligases [50], restric-
tions enzymes, etc.), nucleic acids bioreceptors allow the development of 
intriguing and eff ective in situ molecular mechanisms of great advantages in 
terms of sensitivity and selectivity. Among recent applications in this sense, 
DNA-based architectures similar to sandwich assays were set up by our 
research group for single nucleotide polymorphisms (SNPs) discrimination 
in human DNA. Th e goal was fi rst achieved by optimizing the method [51] 
and then testing DNA samples aft er their amplifi cation by whole genome 
amplifi cation (WGA) [52] and lastly bypassing the amplifi cation step (in 
preparation). Metallic NPs can be or not introduced as signal amplifi ers via 
mass enhancement and/or plasmon coupling between the gold surface of 
the biochip and the localized plasmons of the NPs [53] (Figure 3.3).

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

3.2.3 Living Cells

Th e increasing availability of new automated instruments for classical and 
imaging SPR has allowed to investigate other biological systems, such as 
membranes, viruses, and cells. Even if the use of cellular materials gen-
erates new issues, e.g., the introduction of proper CO

2 
concentration in 

binding solution for mammalian cells and the use of specifi c anti-fouling 
treatments to avoid the contamination of tubing and other components in 
the instrument, by using proper precautions and immobilization strate-
gies SPR can provide very valuable information. As for other biological 
elements, living cells can play the role of target analytes or sensing ele-
ments immobilized on the surface [58]. Th e latter case is the issue of this 
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Figure 3.3 (A) PLP (Padlock Probe)design. Th e PLP contains target-complementary 

sequence (T), general sequence (G), and tag sequence (Tag). Tag sequence is unique 

for each PLP and complementary to the capture probe immobilized on the chip 

surface. Th e general sequence provides the repeats on the RCA products for AuNPs 

binding. “C” means the cutting site recognized by restriction endonuclease to remove 

the RCA products from the chip surface aft er the detection completed. (B) Schematic 

representation of the proposed detection strategy. (C) Real-time detection of multiple 

point mutations by SPR sensor.
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paragraph and, actually, the most recent advancement in the use of liv-
ing cells by SPR and SPRi technology. In the last 5 years, very innovative 
and exciting results have been obtained by this approach: SKOV-3 (human 
ovarian carcinoma cells immobilized on the sensor surface) were inves-
tigated for their secretion of VEGF by the direct recognition of the pro-
tein biomarker through specifi c antibodies [59]; Chinese hamster ovary 
(CHO) cells were seeded on the biochip surface, cultured, and then sub-
jected to antigen and EGF by continuous and label-free monitoring of the 
SPR response in real time [60]; Escherichia coli cells immobilized on gold 
biochips modifi ed with parylene-H fi lm containing poly-l-lysine were 
exploited as sensor for the detection of CRP [61, 62]; B and T lymphocytes 
were grown on the sensor surface and distinguished using anti-IgM and 
anti-CD19 for identifying B lymphocytes, and anti-CD3 were used for T 
lymphocytes [63]; Horii et al. succeeded in achieving the reagent-less and 
real-time monitoring of the allergenic response of RBL-2H3 cells, immo-
bilized on the chip, demonstrating that living cells give higher SPR signals 
than the corresponding immobilized antibodies (Figure 3.4) [64].

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

3.3 Recent Trends in Bioreceptors Immobilization

Bioreceptors immobilization on the sensor surface is a key factor in for the 
biosensors sensitivity and selectivity. Many well-established immobiliza-
tion chemistries were reported in literature for SPR- and SPRi-based bio-
sensing such as physisorption, hydrophobic and electrostatic interactions, 
covalent binding through nucleophilic attack to carboxylic aldehydic or 
thiolic groups, and interactions between native and tagged molecules (e.g., 
avidin/biotin or Protein G and Fc) [65, 66]. Th e last two chemistries, i.e., 
covalent binding and noncovalent interactions between tagged and native 
molecules, are the most employed in SPR- and SPRi-based biosensing for 
their reproducibility, stability, and easiness of fulfi llment, making them the 
most eligible methods for immuno-, aptamer-, and nucleic acids-based 
applications. However, the fast and continuous evolution of instrumental 
platforms and surface chemistries has stimulated the search of new immo-
bilization strategies to improve the performances of traditional recep-
tors and to address new emerging bioreceptors. For example, covalent 
attachment of sensing elements to graphene has the greatest potential for 
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development of new high-performing graphene-based SPR sensing inter-
faces, owing to the stability of the resulting bond. Graphene and graphene 
oxide have already demonstrated their potential application as supports for 
biomolecules thanks to their features (i.e., large surface area up to 2630 m2 
g–1, π-conjugation fl at structure), and it is expected that important appli-
cations in the fi eld of biosensors will be published soon. However, most 
of paper on this issue reported noncovalent approaches for bioreceptor 
immobilization, having the obvious advantage of being easy to perform 
(they are based on π–π stacking and van der Waals’ interactions between 
graphene and aromatic moieties of biomolecules) and nondestructive for 
the extended π-conjugation of graphene (unlike covalent functionaliza-
tion, which creates defects on the graphene sheets). On the other hand, 

Figure 3.4 SPR images for cluster of RBL-2H3 cells before (A) and aft er (B) antigen 

stimulation [the fi nal concentration of DNP (Dinitrophenyl)–bovine serum albumin 

(BSA) was 100 ng mL−1]. (C) Refl ection intensity change of several selected cell regions 

and cell-free region upon antigen stimulation. Solid line: Refl ection intensity change of 

cell regions was monitored at the 11 large circular regions of cell clustered area in (A) and 

(B). Dashed line: Th e refl ection intensity change of the cell-free region was monitored at 

the one small circular region in (A) and (B).
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noncovalent immobilization of bioreceptors is highly undesirable for real 
application, due to its intrinsic unspecifi city, i.e., other undesired aromatic-
rich molecules present in the analyte solution could interfere with it in 
binding the sensing surface.

Th erefore, despite the rapid progress made in the reproducible 
 fabrication of graphene-based SPR interfaces, at present only a few 
advances in real-time biosensing have been achieved [67–71]. A recent 
paper dealing with a real application in this sense was reported by Wang et 
al. [69] for α-thrombin, obtaining sensitive and selective results. Dispersed 
graphene (GN), prepared by the chemical reduction of GO with hydrazine, 
is assembled on a positively charged SPR Au (p-Au) fi lm via electrostatic 
interaction. Th en, the α-thrombin aptamer (TBA) is adsorbed onto the GN 
layer through the strong noncovalent binding of GN with nucleobases. Th e 
binding between the aptamer and the target molecule will greatly disturb 
the interaction between the aptamer and GN. As a result, TBA is released 
from the SPR sensing surface and an obvious SPR angle decrease could be 
observed. In this application, the traditional approach of the SPR aptas-
ensor (SPR signal increase aft er the analyte binding) is inverted, and the 
binding between TBA and thrombin generates a decrease of the signal via 
detachment of the TBA aptamer from the sensing surface due to the com-
petition with the binding with the specifi c analyte (Figure 3.5). As proof 
of concept, a buff er BSA solution was tested as negative control, giving 
negligible diff erence in the SPR signal. Despite the novelty of the approach, 
there is the need to improve and standardize suitable immobilization pro-
tocols tailored for this emerging evolution of SPR biosensing.

Figure 3.5 (A) Th e angle-resolved SPR curves during the diff erent steps [p-Au fi lm (a), 

GN (b), TBA (c), and treatment with 1 nM α-thrombin (d)] of the sensor immobilization. 

(B) SPR angle–time curves for the detection process between the TBA/GN/p-Au sensing 

interface with diff erent concentrations of α-thrombin [(a) 0 nM, (b) 0.08 nM, (c) 0.4 nM, 

(d) 1 nM, (e) 20 nM, (f) 25 nM, (g) 100 nM, and (h) 150 nM].



68 Advanced Bioelectronic Materials

Th e immobilization of proteins by retaining their functionally active 
form and by addressing their correct orientation once tethered on the 
biochip surface is pivotal for all protein–molecular interaction studies. 
In many cases, the oriented immobilization of protein bioreceptors (anti-
bodies, peptides, proteins, antibody mimetics such as aptamers) can be 
addressed by introducing modifi cations (chemical groups, tails, small mol-
ecules) properly located on the side of the molecule which, once linked to 
the surface, leaves the bioreceptor able to bind the analyte. Among these, 
the most exploited modifi cations are biotin, His-tag [Ni(II)-mediated 
immobilization of His

6
-tagged ligands], and nucleic acids-based (DNA 

and RNA) tails. Th e modifi cation of the bioreceptor is then coupled to the 
proper chemical modifi cation of the gold layer to obtain covalent or non-
covalent bonding of the sensing element [72].

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

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

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

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

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

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

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

3.4.1 Coupling Nanotechnology to Biosensing

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

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

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

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

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

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

Besides hormones also peptide protein biomarkers have a relevant inter-
est in molecular diagnostics, since they are indicators of diff erent stages of 

Figure 3.6 Immobilization of hydroxyl/LC-PDP-functionalized G4-PAMAM 

dendrimer-encapsulated Au NP onto mixed SAMs of alkanethiolates on gold derived 

from tri(ethylene glycol)-terminated thiol (a) and the hexa(ethylene glycol) carboxylic 

acid-terminated thiol (b). Reprinted with permission from Frasconi M, Tortolini C, Botre 

F, Mazzei F (2010) Multifunctional Au Nanoparticle dendrimer-based surface plasmon 

resonance biosensor and its application for improved insulin detection. Anal. Chem. 82: 

7335–7342. Copyright (2010) American Chemical Society.
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related diseases (e.g., cardiac, infl ammatory, and cancer), really helpful to 
direct the specifi c molecular therapy and to appraise accordingly the thera-
peutic response. Also, in this fi eld SPR provides a real-time and label-free 
platform for daily routine molecular diagnosis [87] and in the past 2 years 
there has been a really increasing interest in the coupling with NPs enhanc-
ing strategies to reach the level of sensitivity required in real matrix.

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

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

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

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

Uludag and Tothill developed an immunosensor for the detection of 
total prostate-specific antigen (tPSA), a biomarker for the diagnosis and 
prognosis of prostate cancer, using a Biacore 3000. PSA capture antibody 
was covalently immobilized by amino-coupling on the sensor surface, 
while gold NPs were coated with a secondary PSA antibody. By perform-
ing a sandwich assay a detection limit concentrations of 9.0 pM in human 
serum samples was reached [102].
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Hu et al. reported the detection in human serum of α-fetoprotein (AFP), 
a hepatocellular carcinoma biomarker. A sandwich immunoassay was 
optimized on GWC SPRimager II platform, and a dual signal amplifi cation 
strategy based on gold NPs and on-chip atom transfer radical polymeriza-
tion (ATRP) was tuned for the improvement of sensitivity. Th e scheme of 
the strategy was reported in the Figure 3.7.

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

Gold NPs assumed a key role also in the improvement of sensitivity for 
gene sensing and in particular for point mutation and SNPs discrimination 
[89–91]. Th ese mutations have a key role in molecular diagnostics both in 
pharmacogenomics as well as biomarkers when occur in specifi c gene cod-
ing region related to common diseases.
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Figure 3.7 (a) Preparation of AuNPs@DTBE–antibody. (b) Dual SPRi signal 

amplifi cation. Sample was fl owed on the SPRi chip surface to directly detect AFP target 

(step I), followed by AuNPs@DTBE–antibody to form immunocomplexes for the first 

signal amplifi cation (step II), and on-chip ATRP was triggered to further enhance the 

signal (step III).
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A method based on sandwich-like assay coupled to NPs was tuned by 
Yao et al., for the discrimination of SNPs in TP53 gene, the mostly mutated 
gene in presence of tumors. Gold NPs were covalently linked to thiolated 
oligonucleotides as signal enhancer for the SNP discrimination down to 
1.38 fM target concentration in 15 μL of sample [104].

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

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

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

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

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

Really recently, the assay was successfully adapted for the same SNP dis-
crimination in unamplifi ed genomic samples directly extracted from lym-
phocytes [108], reducing costs push through analytical outputs and lowering 
analysis costs (features required for a daily routine molecular diagnostics).
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Other nucleotidic analytes of interest for molecular diagnostics studied 
and detected by SPR- and SPRi-based biosensors are MicroRNAs (miR-
NAs): about 22 mers relevant nucleic in human blood ranging from high 
femtomolar to low nanomolar range of concentration. Th ey act as gene 
regulatory in human regulation of gene expression with a parallel interest 
as biomarker of serious disease, i.e., cancer, nervous system, liver and heart 
diseases [95].

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

Normal genomic DNA
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Figure 3.8 Pictorial description of the NP-enhanced SPRI strategy used to detect the 

normal βN/βN, heterozygous β°39/βN, and homozygous β°39/β°39 genomic DNAs. In 

order to simplify the pictorial representation, only specifi cally adsorbed DNA is shown. 

Nonspecifi cally adsorbed DNA is also present on the surface and contributes to generate 

the SPRi-detected signal. PNA-N and PNA-M specifi cally recognize the normal β-globin 

and the mutated β°39-globin genomic sequences, respectively. Reprinted (adapted) with 

permission from D’Agata R, Breveglieri G, Zanoli LM, Borgatti M, Spoto G, Gambari R 

(2011) Direct detection of point mutations in nonamplifi ed human genomic DNA. Anal. 

Chem. 83: 8711–8717. Copyright (2011) American Chemical Society.
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3.4.2 Microfl uidics and Microsystems

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

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

Figure 3.9 Schematic diagram of the procedure for BNP determination in the 

immunosensor. (a) Preparation of the immunosensor. Film A is modifi ed with BNP for 

the collection of unreacted anti-BNP–AChE. Film B is a bare gold fi lm for the detection 

of concentrated thiocholine. (b) Introduction of a mixture solution containing BNP and 

anti-BNP–AChE from port III to port I. Th e unreacted anti-BNP–AChE was collected on 

BNP-modifi ed fi lm A during the fi rst fl ow. Th en, the channel was rinsed with phosphate 

buff er during the second fl ow. (c) Acetylthiocholine was introduced from port III to port 

II. Th iocholine was produced from acetylthiocholine by the collected anti-BNP–AChE on 

fi lm A, then the thiocholine accumulated on the fi lm B surface located downstream in the 

microchannel, and was monitored by the SPR angle shift  during the third fl ow. Reprinted 

(adapted) with permission from Kurita R, Yokota Y, Sato Y, Mizutani F, Niwa O (2006) 

On-chip enzyme immunoassay of a cardiac marker using a microfl uidic device combined 

with a portable surface plasmon resonance system. Anal. Chem. 78: 5525–5531.
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enzymatic reaction with the bound conjugate, covalently bound to a thin 
gold layer located downstream in the microchannel, generating a SPR angle 
shift  monitored as analytical signal. Concentration range of 5 pg/mL–100 
ng/mL trace levels (15 fg) were detected in about 30 minutes [111].

A novel microfl uidic approach for the detection of biomarkers directly 
from living cells was described for the fi rst time by Liu et al. th ough the 
integration of the SPR system with a mini cell culture module applied to 
PDMS gasket with a gelatin. Th ey tested the microsystem for the VEGF 
detection, a biomarker abnormally produced from cancer cells in myelo-
dysplastic syndromes examining specifi cally living SKOV-3 cancer ovarian 
cells. First the specifi c anti-VEGF was linked on chip surface via G protein 
and then the in vivo microenvironment of the VEGF signaling pathways 
was mimicked tuning the cell viability in the PDMS-modifi ed gasket, prov-
ing a correlation between carcinoma cell number and analytical signal. Th e 
whole procedure represents a starting point for the real-time monitoring of 
biomarker directly expressed in living cells [112].

More recently (2014), Chuang et al. designed a membrane-based sample 
handling for quantitative interferon-gamma detection (IFN-γ) with a SPR-
based aptasensor. A rayon membrane separated the sample chamber, where 
a specifi c aptamer was immobilized, from the streptavidin chamber, where 
streptavidin was stored with the possibility of migration through the mem-
brane pore according to the Darcy law. A bi-functional, hairpin-shaped 
aptamer acted as bioreceptor, capturing for the IFN-γ, as well as signal 
amplifi er, binding streptavidin aft er migration from membrane (stopping 
fl ow) (Figure 3.10). A detection limit of 10 pM was achieved in only half 
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Figure 3.10 Conceptual diagram of the SPR aptasensor operating processes in a 

membrane-based cartridge.
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hour and the device resulted easy to use and cheap compared to the con-
ventional multi-step protocol requiring well-trained clinicians [113].

3.4.3 Hyphenation

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

High-resolution SPR microscopy (SPRM) was used by Wang et al. for 
the label-free and imaging for the mass quantifi cation of H1N1 Infl uenza 
viruses particles. Anti-H1N1 antibodies were covalently immobilized by 
amino-coupling on the sensor surface for the particles virus capturing in 
PBS (phosphate buff ered saline) buff er and a mass detection limit of ~0.2 
fg/mm2 was reached by SPRM measurement, emphasizing the reliability of 
the method to quantify the mass of single viral particles and to study the 
binding affi  nity between antibodies and virus capsid [114].

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

3.5 Conclusions

We discussed here recent developments in SPR-based affi  nity biosens-
ing for applications of interest in molecular diagnostics. In particular, we 
underlined the importance of key aspects to be considered in the biosen-
sor development for real application to complex matrices, such as human 
specimens. Th ese days the focus is to push a step forward the technology 
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potentialities by rational approaches in the assay, from the rational choice 
of the bioreceptor, the immobilization strategy (to preserve bioreactivity 
and, at the same time, preventing unspecifi c adsorption of matrix com-
ponents), to tailored sampling and management of SPR results. Finally, 
attention is also given to strategies for signal amplifi cation, which can 
be addressed by molecular architectures buildings, eventually coupled to 
nanostructures. All these aspects contribute to improve the analytical per-
formances of the system, in terms of detection limits and reproducibil-
ity. Ultrasensitive detection of DNA sequences bypassing the traditional 
amplifi cation step by PCR is possible nowadays, eventually for detecting 
single polymorphisms (SNPs) on genomic DNA from lymphocytes.

Behind these, recent application to affi  nity biosensing of emerging and 
relevant molecular clinical markers from real samples is reported as well 
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as the detection of whole cells. Th ese latter can be addressed for direct 
detection or for detecting their released factors in situ, once the cells are 
deposited on the chip surface.

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

References

 1. S. Scarano, M. Mascini, A. P. F. Turner, and M. Minunni, Surface plasmon 

resonance imaging for affi  nity-based biosensors, Biosens. Bioelectron., Vol. 

25, p. 957, 2010.

 2. F. S. Ong, K. Das, J. Wang, H. Vakil, J. Z. Kuo, W.-L. B. Blackwell, S. W. Lim, 

M. O. Goodarzi, K. E. Bernstein, J. I. Rotter, and W. W. Grody, Personalized 

medicine and pharmacogenetic biomarkers: progress in molecular oncology 

testing, Expert Rev. Mol. Diagn., Vol. 12, p. 593, 2012.

 3. M. L. Ermini, S. Scarano, R. Bini, M. Banchelli, D. Berti, M. Mascini, and M. 

Minunni, A rational approach in probe design for nucleic acid-based bio-

sensing, Biosens. Bioelectron., Vol. 26, p. 4785, 2011.

 4. S. Scarano, C. Scuffi  , M. Mascini, and M. Minunni, Surface plasmon reso-

nance imaging (SPRi)-based sensing: A new approach in signal sampling 

and management, Biosens. Bioelectron., Vol. 26, p. 1380, 2010.

 5. J. Chen, Y. Chen, J. Xu, Y. Zhang, and T. Liao, Post-experimental denoising 

and background subtraction of surface plasmon resonance images for better 

quantifi cation, Chemom. Intell. Lab. Syst., Vol. 114, p. 56, 2012.

 6. W. M. Mullett, E. P. Lai, and J. M. Yeung, Surface plasmon resonance-based 

immunoassays, Methods, Vol. 22, p. 77, 2000.

 7. Donahue and M. Albitar, in Recognition Receptors in Biosensors SE - 5, ed. M. 

Zourob, Springer, New York, p. 221, 2010.

 8. P. B. Luppa, L. J. Sokoll, and D. W. Chan, Immunosensors—principles and 

applications to clinical chemistry, Clin. Chim. Acta, Vol. 314, p 1, 2001.

 9. D. Shankaran, K. Gobi, and N. Miura, Recent advancements in surface plas-

mon resonance immunosensors for detection of small molecules of biomedi-

cal, food and environmental interest, Sens. Actuators B Chem., Vol. 121, p. 

158, 2007.

 10. J. Löfb lom, J. Feldwisch, V. Tolmachev, J. Carlsson, S. Ståhl, and F. Y. Frejd, 

Affi  body molecules: engineered proteins for therapeutic, diagnostic and bio-

technological applications, FEBS Lett., Vol. 584, p. 2670, 2010.

 11. J. Lindgren, P. Segerfeldt, S. B. Sholts, A. Gräslund, A. E. Karlström, and S. K. 

T. S. Wärmländer, Affi  body molecules: engineered proteins for therapeutic, 

diagnostic and biotechnological applications, J. Inorg. Biochem., Vol. 120, p. 

18, 2013.



Affinity Biosensing 81

 12. J. Lindgren, A. Wahlström, J. Danielsson, N. Markova, C. Ekblad, A. Gräslund, 

L. Abrahmsén, A. E. Karlström, and S. K. T. S. Wärmländer, N-terminal engi-

neering of amyloid-β-binding Affi  body molecules yields improved chemical 

synthesis and higher binding affi  nity, Protein Sci., Vol. 19, p. 2319, 2010.

 13. L. Ekerljung, H. Wa, A. Sohrabian, K. Andersson, M. Friedman, F. Y. Frejd, 

S. Stahl, and L. Gedda, Generation and evaluation of bispecifi c affi  body mol-

ecules for simultaneous targeting of EGFR and HER2, Bioconjugate Chem., 

Vol. 23, p.1802, 2012.

 14. R. Zielinski, I. Lyakhov, A. Jacobs, O. Chertov, G. Kramer-Marek, N. 

Francella, A. Stephen, R. Fisher, R. Blumenthal, and J. Capala, Affi  toxin – a 

novel recombinant, HER2-specifi c, anti-cancer agent for targeted therapy of 

HER2-positive tumors, J. Immunother, Vol. 32, p. 817, 2009.

 15. S. Scarano, A. Vestri, M. L. Ermini, and M. Minunni, SPR detection of human 

hepcidin-25 : A critical approach by immuno- and biomimetic-based bio-

sensing, Biosens. Bioelectron., Vol. 40, p. 135, 2013.

 16. E. Luzi, M. Minunni, S. Tombelli, and M. Mascini, New trends in affi  nity 

sensing, TrAC Trends Anal. Chem., Vol. 22, p. 810, 2003.

 17. P. Hong, W. Li, J. Li, and B. Hospital, Applications of aptasensors in clinical 

diagnostics, Sensors, Vol. 12, p. 1181, 2012.

 18. Aviñó, C. Fàbrega, M. Tintoré and, R. Eritja, Th rombin binding aptamer, 

more than a simple aptamer: chemically modifi ed derivatives and biomedi-

cal applications, Curr. Pharm. Des., Vol. 18, p. 2036, 2012.

 19. Y. Bai, F. Feng, L. Zhao, C. Wang, H. Wang, M. Tian, J. Qin, Y. Duan, and X. 

He, Aptamer/thrombin/aptamer-AuNPs sandwich enhanced surface plas-

mon resonance sensor for the detection of subnanomolar thrombin, Biosens. 

Bioelectron., Vol. 47, p. 265, 2013.

 20. C. A. Kretz, A. R. Staff ord, C. James, J. I. Weitz, and J. C. Fredenburgh, HD1, 

a thrombin-directed aptamer, binds exosite 1 on prothrombin with high 

affi  nity and inhibits its activation by prothrombinase, J. Biol. Chem., Vol. 281, 

p. 37477, 2006.

 21. C. Polonschii, S. David, S. Tombelli, M. Mascini, and M. Gheorghiu, A 

novel low-cost and easy to develop functionalization platform. Case study: 

aptamer-based detection of thrombin by surface plasmon resonance, Talanta, 

Vol. 80, p. 2157, 2010.

 22. J. Wang, R. Lv, J. Xu, D. Xu, and H. Chen, Characterizing the interaction 

between aptamers and human IgE by use of surface plasmon resonance, 

Anal. Bioanal. Chem., Vol. 390, p. 1059, 2008.

 23. Bini, S. Centi, S. Tombelli, and M. Minunni, Development of an optical 

RNA-based aptasensor for C-reactive protein, Anal. Bioanal. Chem., Vol. 390 

p. 1077, 2008.

 24. H. Chen, Y. Hou, F. Qi, J. Zhang, K. Koh, Z. Shen, and G. Li, Detection of 

vascular endothelial growth factor based on rolling circle amplifi cation 

as a means of signal enhancement in surface plasmon resonance, Biosens. 

Bioelectron., Vol. 61, p. 83, 2014.



82 Advanced Bioelectronic Materials

 25. J.-W. Park, S. Saravan Kallempudi, J. H. Niazi, Y. Gurbuz, B.-S. Youn, 

and M. B. Gu, Rapid and sensitive detection of Nampt (PBEF/visfatin) in 

human serum using an ssDNA aptamer-based capacitive biosensor, Biosens. 

Bioelectron., Vol. 38, p. 233, 2012.

 26. Oguro, T. Ohtsu, and Y. Nakamura, An aptamer-based biosensor for mam-

malian initiation factor eukaryotic initiation factor 4A, Anal. Biochem., Vol. 

388, 102, 2009.

 27. S. J. Lee, B.-S. Youn, J. W. Park, J. H. Niazi, Y. S. Kim, and M. B. Gu, ssDNA 

aptamer-based surface plasmon resonance biosensor for the detection of ret-

inol binding protein 4 for the early diagnosis of type 2 diabetes, Anal. Chem., 

Vol. 80, p. 2867, 2008.

 28. T. S. Misono and P. K. R. Kumar, Selection of RNA aptamers against human 

infl uenza virus hemagglutinin using surface plasmon resonance, Anal. 

Biochem., Vol. 342, p. 312, 2005.

 29. Q. Wang, J. Huang, X. Yang, K. Wang, L. He, X. Li, and C. Xue, Surface plas-

mon resonance detection of small molecule using split aptamer fragments, 

Sens. Actuators B Chem., Vol. 156, p. 893, 2011.

 30. M. Zhang, J. Zeng, Y. Wang, and X. Chen, Developments and trends of 

molecularly imprinted solid-phase microextraction, J. Chromatogr. Sci., Vol. 

51, p. 577, 2013.

 31. P. Luliński, Molecularly imprinted polymers as the future drug delivery 

devices, Acta Pol. Pharm., Vol. 70, p. 601, 2013.

 32. S. Lépinay, K. Kham, M.-C. Millot, and B. Carbonnier, In-situ polymerized 

molecularly imprinted polymeric thin fi lms used as sensing layers in sur-

face plasmon resonance sensors: Mini-review focused on 2010–2011, Chem. 

Pap., Vol. 66, p. 340, 2012.

 33. R. Schirhagl, Bioapplications for molecularly imprinted polymers, Anal. 

Chem., Vol. 86, p. 250, 2014.

 34. K. Haupt and K. Mosbach, Molecularly imprinted polymers and their use in 

biomimetic sensors, Chem. Rev., Vol. 100, p. 2495, 2000.

 35. F. Canfarotta, M. J. Whitcombe, and S. a Piletsky, Polymeric nanoparticles for 

optical sensing, Biotechnol. Adv., Vol. 31, p. 1585, 2013.

 36. Poma, A. P. F. Turner, and S. A. Piletsky, Advances in the manufacture of 

MIP nanoparticles, Trends Biotechnol., Vol. 28, p. 629, 2010.

 37. S-W Choi, H-J Chang, N. Lee, J-H Kim, and H-S Chun, Detection of mycoes-

trogen zearalenone by a molecularly imprinted polypyrrole-based surface 

plasmon resonance (SPR) sensor, J. Agric. Food Chem., Vol. 57, p. 1113, 2009.

 38. Abbas, L. Tian, J. J. Morrissey, E. D. Kharasch, and S. Singamaneni, Hot spot-

localized artifi cial antibodies for label-free plasmonic biosensing, Adv. Funct. 

Mater., Vol. 23, p. 1789, 2013.

 39. S. Piletsky, N. W. Turner, and P. Laitenberger, Molecularly imprinted poly-

mers in clinical diagnostics—future potential and existing problems, Med. 

Eng. Phys., Vol. 28, p. 971, 2006.



Affinity Biosensing 83

 40. O. Y. F. Henry, D. C. Cullen, and S. Piletsky, Optical interrogation of molecu-

larly imprinted polymers and development of MIP sensors: a review, Anal. 

Bioanal. Chem., Vol. 382, p. 947, 2005.

 41. Kugimiya and T. Takeuchi, Surface plasmon resonance sensor using molecu-

larly imprinted polymer for detection of sialic acid, Biosens. Bioelectron., Vol. 

16, p. 1059, 2001.

 42. E. P. C. Lai, A. Fafara, V. A. VanderNoot, M. Kono, and B. Polsky, Surface 

plasmon resonance sensors using molecularly imprinted polymers for sor-

bent assay of theophylline, caff eine, and xanthine, Can. J. Chem., Vol. 76, p. 

265, 1998.

 43. M. Lotierzo, O. Y. F. Henry, S. Piletsky, I. Tothill, D. Cullen, M. Kania, B. 

Hock, and A. P. F. Turner, Surface plasmon resonance sensor for lysozyme 

based on molecularly imprinted thin fi lms, Biosens. Bioelectron., Vol. 20, p. 

145, 2004.

 44. T. Matsunaga, T. Hishiya, and T. Takeuchi, Surface plasmon resonance sen-

sor for lysozyme based on molecularly imprinted thin fi lms, Anal. Chim. 

Acta, Vol. 591, p. 63, 2007.

 45. J. C. C. Yu and E. P. C. Lai, Interaction of ochratoxin A with molecularly 

imprinted polypyrrole fi lm on surface plasmon resonance sensor, React. 

Funct. Polym., Vol. 63, p. 171, 2005.

 46. Z. Iunu-Iui, C. Hong, and Y. Ruifu, DNA based biosensors, Biotech. Adv., Vol. 

15, pp. 43–58, 1997.

 47. R. D’Agata and G. Spoto, Surface plasmon resonance imaging for nucleic acid 

detection, Anal. Bioanal. Chem., Vol. 405, p. 573, 2013

 48. R. D’Agata and G. Spoto, Artifi cial DNA and surface plasmon resonance, 

Artif. DNA. PNA XNA, Vol. 3, p. 45, 2012.

 49. U. Bora, A. Sett, and D. Singh, Nucleic acid based biosensors for clinical 

applications, Biosens. J., Vol. 1, p. 1, 2013.

 50. Y. Li, A. W. Wark, H. J. Lee, and R. M. Corn, Single-nucleotide polymor-

phism genotyping by nanoparticle-enhanced surface plasmon resonance 

imaging measurements of surface ligation reactions, Anal. Chem., Vol. 78, p. 

3158, 2006.

 51. M. L. Ermini, S. Mariani, S. Scarano, and M. Minunni, Direct detection 

of genomic DNA by surface plasmon resonance imaging: an optimized 

approach, Biosens. Bioelectron., Vol. 40, p. 193, 2013.

 52. M. L. Ermini, S. Mariani, S. Scarano, D. Campa, R. Barale, and M. Minunni, 

Single nucleotide polymorphism detection by optical DNA-based sensing 

coupled with whole genomic amplifi cation, Anal. Bioanal. Chem., Vol. 405, 

p. 985, 2013.

 53. M. L. Ermini, S. Mariani, S. Scarano, and M. Minunni, Bioanalytical 

approaches for the detection of single nucleotide polymorphisms by surface 

plasmon resonance biosensors, Biosens. Bioelectron., Vol. 61C, p. 28, 2014.

 54. D. Shi, J. Huang, Z. Chuai, D. Chen, X. Zhu, H. Wang, J. Peng, H. Wu, 

Q. Huang, and W. Fu, Isothermal and rapid detection of pathogenic 



84 Advanced Bioelectronic Materials

microorganisms using a nano-rolling circle amplifi cation-surface plasmon 

resonance biosensor, Biosens. Bioelectron., Vol. 62, p. 280, 2014.

 55. P. He, W. Qiao, L. Liu, and S. Zhang, Ultrasensitive detection of thrombin 

using surface plasmon resonance and quartz crystal microbalance sensors by 

aptamer-based rolling circle amplifi cation and nanoparticle signal enhance-

ment, Chem. Commun., Vol. 50, p. 10718, 2014.

 56. Y. Xiang, K. Deng, H. Xia, C. Yao, Q. Chen, L. Zhang, Z. Liu, and W. Fu, 

Isothermal detection of multiple point mutations by a surface plasmon reso-

nance biosensor with Au nanoparticles enhanced surface-anchored rolling 

circle amplifi cation, Biosens. Bioelectron., Vol. 49, p. 442, 2013.

 57. W. Zhao, M. M. Ali, M. a Brook, and Y. Li, Rolling circle amplifi cation: appli-

cations in nanotechnology and biodetection with functional nucleic acids, 

Angew. Chem. Int. Ed. Engl., Vol. 47, p. 6330, 2008.

 58. P. N. Abadian, C. P. Kelley, and E. D. Goluch, Cellular analysis and detection 

using surface plasmon resonance techniques, Anal. Chem., Vol. 86, p. 2799, 

2014.

 59. W. Liu, Y. Chen, and M. Yan, Surface plasmon resonance imaging of limited 

glycoprotein samples, Analyst, Vol. 133, p. 1268, 2008.

 60. T. Hiragun, Y. Yanase, K. Kose, T. Kawaguchi, K. Uchida, S. Tanaka, and 

M. Hide, Surface plasmon resonance-biosensor detects the diversity of 

responses against epidermal growth factor in various carcinoma cell lines, 

Biosens. Bioelectron., Vol. 32, p. 202, 2012.

 61. J. Jose, M. Park, and J.-C. Pyun, E. coli outer membrane with autodisplayed 

Z-domain as a molecular recognition layer of SPR biosensor, Biosens. 

Bioelectron., Vo. 25, p. 1225, 2010.

 62. E.-H. Lee, G. Yoo, J. Jose, M.-J. Kang, S.-M. Song, and J.-C. Pyun, SPR bio-

sensor based on immobilized E.coli cells with autodisplayed Z-domains, 

BioChip J., Vol. 6, p. 221, 2012.

 63. Y. Iribe, H. Shinohara, and M. Suzuki, , Label-free detection of B and 

T cell responses by using high resolution 2D-SPR imaging sensor, 14th 

International Conference on Miniaturized Systems for Chemistry and Life 

Sciences, 3–7 October 2010, Groningen, Th e Netherlands, p. 1646, 2010.

 64. M. Horii, H. Shinohara, Y. Iribe, and M. Suzuki, Living cell-based allergen 

sensing using a high resolution two-dimensional surface plasmon resonance 

imager, Analyst, Vol. 136, p. 2706, 2011.

 65. S. Löfås and A. Mcwhirter, Th e art of immobilization for SPR sensors, in 

Surface Plasmon Resonance Based Sensors SE – 17, ed. J. Homola, Springer, 

Berlin, Heidelberg, Vol. 4, p. 117, 2006.

 66. D. J. O’Shannessy, M. Brigham-Burke, and K. Peck, Immobilization chem-

istries suitable for use in the BIAcore surface plasmon resonance detector, 

Anal. Biochem., Vol. 205, p. 132, 1992.

 67. O. Salihoglu, S. Balci, and C. Kocabas, Plasmon-polaritons on graphene-

metal surface and their use in biosensors, Appl. Phys. Lett., Vol. 100, p. 

213110, 2012.



Affinity Biosensing 85

 68. Y. Mao, Y. Bao, W. Wang, Z. Li, F. Li, and L. Niu, Layer-by-layer assembled 

multilayer of graphene/Prussian blue toward simultaneous electrochemical 

and SPR detection of H
2
O

2
, Talanta, Vol. 85, p. 2106, 2011.

 69. L. Wang, C. Zhu, L. Han, L. Jin, M. Zhou, and S. Dong, Label-free, regenera-

tive and sensitive surface plasmon resonance and electrochemical aptasen-

sors based on graphene, Chem. Commun. (Camb)., Vol. 47, p. 7794, 2011.

 70. V. V. Singh, G. Gupta, A. Batra, A. K. Nigam, M. Boopathi, P. K. Gutch, 

B. K. Tripathi, A. Srivastava, M. Samuel, G. S. Agarwal, B. Singh, and R. 

Vijayaraghavan, Greener electrochemical synthesis of high quality graphene 

nanosheets directly from pencil and its SPR sensing application, Adv. Funct. 

Mater., Vol. 22, p. 2352, 2012.

 71. S. Szunerits, N. Maalouli, and E. Wijaya, Recent advances in the develop-

ment of graphene-based surface plasmon resonance (SPR) interfaces, Anal. 

Bioanal. Chem., Vol. 405, 1435, 2013.

 72. E. T. Gedig, Surface chemistry in SPR technology, in Handbook of Surface 

Plasmon Resonance, Th e Royal Society of Chemistry, p. 173, 2008

 73. M. Beseničar, P. Maček, J. H. Lakey, and G. Anderluh, Surface plasmon reso-

nance in protein–membrane interactions, Chem. Phys. Lipids, Vol. 141, p. 

169, 2006.

 74. A.V. Hughes, S.A. Holt, E. Daulton, A. Soliakov, T.R. Charlton, S.J. Roser, J.H. 

Lakey. High coverage fl uid-phase fl oating lipid bilayers supported by v-thio-

lipid self-assembled monolayers, J. R. Soc. Interface, Vol. 11, p. 20140245, 

2014.

 75. A. Yildiz, U. H. Yildiz, B. Liedberg, and E.-K. Sinner, Biomimetic membrane 

platform: Fabrication, characterization and applications, Colloids Surf. B, 

Vol. 103, p. 510, 2013.

 76. J. A. Maynard, N. C. Lindquist, J. N. Sutherland, A. Lesuffl  eur, A. E. 

Warrington, M. Rodriguez, and S.-H. Oh, Surface plasmon resonance for 

high-throughput ligand screening of membrane-bound protein, Biotechnol. 

J., Vol. 4, p. 1542, 2009.

 77. H. A. Vincent, J. O. Phillips, C. A. Henderson, A. J. Roberts, C. M. Stone, C. 

E. Mardle, L. E. Butt, D. M. Gowers, A. R. Pickford, and A. J. Callaghan, An 

improved method for surface immobilisation of RNA: application to small 

non-coding RNA – mRNA pairing, Plos One, Vol. 8, p. e79142, 2013.

 78. G. Bidan, M. Billon, K. Galasso, T. Livache, G. Mathis, A. Roget, L. Torres-

Rodriguez, and E. Vieil, Electropolymerization as a versatile route for immo-

bilizing biological species onto surfaces, Appl. Biochem. Biotechnol., Vol. 89, 

p. 183, 2000.

 79. L. Grosjean, B. Cherif, E. Mercey, A. Roget, Y. Levy, P. N. Marche, M.-B. 

Villiers, and T. Livache, A polypyrrole protein microarray for antibody–anti-

gen interaction studies using a label-free detection process, Anal. Biochem., 

Vol. 347, p. 193, 2005.

 80. M.-B. Villiers, S. Cortès, C. Brakha, P. Marche, A. Roget, and T. Livache, A 

polypyrrole protein microarray for antibody–antigen interaction studies 



86 Advanced Bioelectronic Materials

using a label-free detection process, IN Peptide Microarrays SE – 17, eds. M. 

Cretich and M. Chiari, Humana Press, Vol. 570, p. 317, 2009.

 81. J. Bartoli, A. Roget, and T. Livache, Polypyrrole-oligosaccharide microar-

ray for the measurement of biomolecular interactions by surface plasmon 

resonance imaging, in Carbohydrate Microarrays SE – 5, ed. Y. Chevolot, 

Humana Press, Vol. 808, pp. 69–86, 2012.

 82. E. Maillart, K. Brengel-Pesce, D. Capela, A. Roget, T. Livache, M. Canva, Y. 

Levy, and T. Soussi, Versatile analysis of multiple macromolecular interac-

tions by SPR imaging: application to p53 and DNA interaction, Oncogene, 

Vol. 23, p. 5543, 2004.

 83. Brakha, P. Arvers, F. Villiers, A. Marlu, A. Buhot, T. Livache, R. Calemczuk, 

J.-P. Zarski, C. Villiers, P. Marche, and M.-B. Villiers, Relationship between 

humoral response against hepatitis C virus and disease overcome, 

Springerplus, Vol. 3, p. 56, 2014.

 84. J. Homola, Surface plasmon resonance sensors for detection of chemical and 

biological species, Chemical Reviews, Vol. 108, p. 462, 2008.

 85. G . Spoto and M. Minunni, Surface plasmon resonance imaging: what next? 

J. Phys. Chem. Lett., Vol. 3, p. 2682, 2012.

 86. M. E. Stewart, C. R. Anderton, L. B. Th ompson, J. Maria, S. K. Gray, J. A. 

Rogers, and R. G. Nuzzo, Nanostructured plasmonic sensors, Chem. Rev., 

Vol. 108, p. 494, 2008.

 87. S. Gao and N. Koshizaki, Recent developments and applications of hybrid 

surface plasmon resonance interfaces in optical sensing, Anal. Bioanal. 

Chem., Vol. 399, p. 91, 2011.

 88. E. E. Bedford, J. Spadavecchia, C. Pradier, and F. X. Gu, Surface plasmon 

resonance biosensors incorporating gold nanoparticles, Macromol. Biosci., 

Vol. 12, p. 724, 2012.

 89. L. M. Zanoli, R. D’Agata, and G. Spoto, Functionalized gold nanoparticles for 

ultrasensitive DNA detection, Anal. Bioanal. Chem., Vol. 402, p. 1759, 2012.

 90. R. D’Agata R and G. Spoto, Surface plasmon resonance imaging for nucleic 

acid detection, Anal. Bioanal. Chem., Vol. 405, p. 573, 2013.

 91. H. Šípová and J. Homola, Surface plasmon resonance sensing of nucleic 

acids: a review, Anal. Chim. Acta, Vol. 773, p. 9, 2013.

 92. A. Abbas, M. J. Linman, and Q. Cheng, New trends in instrumental design 

for surface plasmon resonance-based biosensors, Biosens. Bioelectron., Vol. 

26, p. 1815, 2011.

 93. P. V. Baptista, G. Doria, P. Quaresma, M. Cavadas, C. S. Neves, I. Gomes, 

P. Eaton, E. Pereira, and R. Franco, Nanoparticles in molecular diagnostics, 

Prog. Mol. Biol. Transl. Sci., Vol. 104, p. 427, 2011.

 94. E. Llop, J. Bosch, and J. Segura, Surface plasmon resonance in doping analy-

sis, Anal. Bioanal. Chem., Vol. 401, p 389, 2011.

 95. S. Mariani and M. Minunni, Surface plasmon resonance applications in clin-

ical analysis, Anal. Bioanal. Chem., Vol. 406, p. 2303, 2014.



Affinity Biosensing 87

 96. X. Jiang, M. Waterland, and A. Partridge, Determination of Estriol 16-gluc-

uronide in human urine with surface plasmon resonance and lateral fl ow 

immunoassays, Anal. Methods, Vol. 2, p. 368, 2010.

 97. J. S. Mitchell and T. E. Lowe, Ultrasensitive detection of testosterone using 

conjugate linker technology in a nanoparticle-enhanced surface plasmon 

resonance biosensor, Biosens. Bioelectron., Vol. 24(7), p. 2177, 2009.

 98. M. Frasconi, C. Tortolini, F. Botre, and F. Mazzei, Surface plasmon resonance 

immunosensor for cortisol and cortisone determination, Anal. Chem., Vol. 

82, p. 7335, 2010.

 99. H. R. Jang, A. W. Wark, S. H. Baek, B. H. Chung, and H. J. Lee, Ultrasensitive 

and ultrawide range detection of a cardiac biomarker on a surface plasmon 

resonance platform, Anal. Chem., Vol. 86, p. 814, 2013.

100. S. A. Vance and M. G. Sandros, Zeptomole detection of C-reactive protein 

in serum by a nanoparticle amplifi ed surface plasmon resonance imaging 

aptasensor, Sci. Rep., Vol. 4, p. 5129, 2014.

101. J. Martinez-Perdiguero, A. Retolaza, L. Bujanda, and S. Merino, Surface plas-

mon resonance immunoassay for the detection of the TNFα biomarker in 

human serum, Talanta, Vol. 119, p. 492, 2014.

102. Y. Uludağ and I. E. Tothill, Development of a sensitive detection method of 

cancer biomarkers in human serum (75%) using a quartz crystal microbal-

ance sensor and nanoparticles amplifi cation system, Talanta, Vol. 82, p. 277, 

2010.

103. W. Hu, H. Chen, Z. Shi, and L. Yua, Dual signal amplifi cation of surface plas-

mon resonance imaging for sensitive immunoassay of tumor marker, Anal. 

Biochem., Vol. 453, p. 16, 2014.

104. X. Yao, X. Li, F. Toledo, C. Zurita-lopez, M. Gutova, J. Momand, and F. Zhou, 

Sub-attomole oligonucleotide and p53 cDNA determinations via a high-res-

olution surface plasmon resonance combined with oligonucleotide-capped 

gold nanoparticle signal amplifi cation, Anal. Biochem., Vol. 354, p. 220, 2006.

105. R. D’Agata, G. Breveglieri, L. M. Zanoli, M. Borgatti, G. Spoto, and R. 

Gambari, Direct detection of point mutations in nonamplifi ed human 

genomic DNA, Anal. Chem., Vol. 83, p. 8711, 2011.

106. R. Wernersson, A. S. Juncker, and H. B. Nielsen, Probe selection for DNA 

microarrays using OligoWiz, Nat. Protoc., Vol. 2, p. 2677, 2007.

107. M. L. Ermini, S. Mariani, S. Scarano, and M. Minunni, Direct detection 

of genomic DNA by surface plasmon resonance imaging: an optimized 

approach, Biosens. Bioelectron., Vol. 40, p. 193, 2013.

108. S. Mariani, S. Scarano, M. Carrai, R. Barale, and M. Minunni, Direct opti-

cal genotyping of Single Nucleotide Polymorphisms in unamplifi ed human 

genomic DNA by Surface Plasmon Resonance imaging biosensor: the case of 

C3435T polymorphism in MDR1 gene, Anal. Bioanal. Chem., Vol. 407(14), 

p. 4023, 2015.

109. S. Fang, H. J. Lee, A. W. Wark, and R. M. Corn, Attomole microarray detec-

tion of microRNAs by nanoparticle-amplifi ed SPR imaging measurements 



88 Advanced Bioelectronic Materials

of surface polyadenylation reactions, J. Am. Chem. Soc., Vol. 128, p. 14044, 

2006.

110. L. Malic, T. Veres, and M. Tabrizian, Nanostructured digital microfl uidics for 

enhanced surface plasmon resonance imaging, Biosens. Bioelectron., Vol. 26, 

p. 2053, 2011.

111. R. Kurita , Y. Yokota, Y. Sato, F. Mizutani, and O. Niwa, On-chip enzyme 

immunoassay of a cardiac marker using a microfl uidic device combined with 

a portable surface plasmon resonance system, Anal. Chem., Vol. 78, p. 5525, 

2006.

112. C. Liu, T. Lei, K. Ino, T. Matsue, and C. Li, Real-time monitoring biomarker 

expression of carcinoma cells by surface plasmon resonance biosensors, 

Chem. Commun., Vol. 48, p. 10389, 2012.

113. T.-L. Chuang, C.-C. Chang, Y. Chu-Su, S.-C. Wei, X. Zhao, P.-R. Hsueh, and 

C.-W. Lin, Disposable surface plasmon resonance aptasensor with mem-

brane-based sample handling design for quantitative interferon-gamma 

detection, Lab on Chip, Vol. 14, p. 2968, 2014.

114. S. Wang, X. Shan, U. Patel, X. Huang, J. Lu, J. Li, and N. Tao, Label-free imag-

ing, detection, and mass measurement of single viruses by surface plasmon 

resonance, Proc. Nat. Acad. Soc., Vol. 107, p. 16028, 2010.

115. F. Remy-Marti, M. El Osta, G. Lucchi, R. Zeggari, T. Leblois, S. Bellon, P. 

Ducoroy, and W. Boireau, Surface plasmon resonance imaging in arrays 

coupled with mass spectrometry (SUPRA–MS): proof of concept of on-chip 

characterization of a potential breast cancer marker in human plasma, Anal. 

Bioanal. Chem., Vol. 404, p. 423, 2012.



89

Ashutosh Tiwari, Hirak K. Patra and Anthony P.F. Turner (eds.) Advanced Bioelectronic Materials, 

(89–186) © 2015 Scrivener Publishing LLC

4

Electropolymerized Materials for 
Biosensors

Gennady Evtugyn1, Anna Porfi reva1, and Tibor Hianik*2

1Department of Analytical Chemistry, Kazan Federal University, Kazan, Russia
2Department of Nuclear Physics and Biophysics, Comenius University, Bratislava, 

Slovakia

Abstract
Th e review is related to the synthesis and application of electropolymerized mate-

rials with their own redox activity in the assembly of biosensors devoted to the 

detection of biomarkers, proteins, toxins and genotoxic species. Polyaniline, poly-

pyrrole, polythiophene and polyphenazines applied in electrochemical biosensors 

will be mostly described as well as hybrid polymeric materials with implementa-

tion of nanoparticles of metals, their oxides and carbonaceous materials. Besides 

short description of the mechanism of electropolymerization, main attention will 

be focused on the role of polymers in the biosensor functioning. Th e use of poly-

mers as immobilization matrix, their role in the signal generation and protection 

of biocomponents will be considered with an emphasis to the relationship between 

the intrinsic properties of the polymers and their applicability in biosensor assem-

bly. Mostly, the biosensors based on the enzymes, antibodies and DNA will be 

considered.

Keywords: Electropolymerization, biosensor, polyaniline, polypyrrole, 

polythiophene

4.1 Introduction

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

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

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

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

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

High overvoltage of direct electron transfer from/to biopolymers is 
explained by the complex structure of most biochemical receptors applied 
in the biosensor assembly. Both the redox-active site of an oxidoreductase 
enzyme and nucleotides of a DNA sequence are positioned deeply inside 
electrochemically inert surrounding and hence cannot be in close direct 
contact with the electrode. In accordance with Marcus’ equation (4.1) [20] 
the rate constant of the electron transfer k
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 decreases with increasing real 
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Here, d is Van der Waals’ distance; ΔG0 and λ are Gibbs’ and reorganization 
energies, respectively. Bulky proteins or rigid DNA helixes do not provide 
the density of the contact points required for remarkable signal, whereas 
the mediators play role of shuttles that transport electrons from the redox 
centers and the electrode. Although the contribution of reorganization 
energy near the electrode interface should be taken into account, the steric 
hindrance is considered as main reason of low electric signal of proteins 
and DNA on non-modifi ed electrode.

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

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

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

4.2  Electropolymerized Materials Used in Biosensor 
Assembly

4.2.1  General Characteristic of Electropolymerization 
Techniques

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

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

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

• Electrochemically active polymers which can mediate electron 
exchange near their redox peaks’ pair but are inactive in the 
other potential regions [28, 29]. Th e polymers of this group are 
quite eff ective as redox mediators especially due to possibility 
to establish close contact with biomolecules within the polym-
erization step. Polycyclic heteroaromatic systems obtained 
from phenazines, phenoxazines and phenothiazines belong 
to this group of polymers. Many of them are known under 
trivial names as dyes or redox indicators (neutral red  [30], 
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methylene blue [31], etc.). Th e structures of frequently used 
monomers of this group are presented in Figure 4.1.

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

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

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

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

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

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

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

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

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

Spectroscopic studies exploit Fourier transformation–infra red (FTIR), 
UV–Vis and surface plasmon resonance (SPR) techniques which provide 
information about the nature of organic components of the surface layer 
and surface reaction run. Indium-tin oxides (ITO) electrodes and thin 
transparent golden fi lms on a quartz or glass plates make it possible to 
simultaneously monitor redox and optical properties of the polymer lay-
ers. Th us, for PANI–ClO

4
– fi lms electrochemically deposited onto ITO 

electrode, the peaks at 793 and 1055 cm–1 in FTIR spectra were assigned 
to stretching and bending vibrations associated with C–N linkage, the 
strongest band at 1469 cm–1 to C–C stretching. Th e 1545 and 3014 cm–1 
peaks were ascribed to N–H bending and C–H group, respectively [49]. 
Similarly, carbodiimide binding of the proteins or DNA oligonucleotides 
is confi rmed by observation of appropriate bands assigned to >C=N– frag-
ments. SPR technique diff ers from other spectroscopy methods mentioned 
[50]. In this approach, total refl ectance on the laser beam on the interface 
of two optically transparent media covered with a thin Au fi lm is moni-
tored. Th e conditions of refraction, specifi cally, the energy dissipating on 
the interface as evanescent wave depends on the processes that take place 
on the Au surface. Although the sensitivity of SPR method is limited by 
rather large biomolecules, this technique is used for kinetic measurements 
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of association–dissociation of biomolecular receptors (antigen–antibody 
and DNA–protein interactions). SPR measurement can be combined with 
simultaneous electrochemistry so that eletrodeposition of the polymers 
can be quantifi ed and utilized for the optimization of electrode modifi ca-
tion. In a similar manner, surface-enhanced Raman spectroscopy (SERS) 
utilizes similar optical phenomena on conductive nanoparticles to record 
Raman spectra of organic molecules, among others those involved in bio-
chemical interactions.

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

4.2.3 Redox-Active Polymers Applied in Biosensor Assembly

PANI is a linear polymer which is synthesized in strongly acidic condi-
tions necessary to stabilize primary cation radical formed in the initiation 
step (4.2). Th e necessity in rather strong oxidants or high anodic voltage 
oft en results in formation of quinoid by-products which participate then in 
the reversible electron exchange and worsen electroconductivity and stabil-
ity of the polymer. Meanwhile, de-amination does not seriously aff ect the 
electrocatalytic features of PANI. Th e product of primary electron transfer 
undergoes head-to-tail polymerization. Nitrogen atom directly partici-
pates in the polymerization and the PANI redox conversion. Th e rate of the 
polymer precipitation increases with the reaction product amount [53].

 

(4.2)
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Many characteristics of the PANI depend on the redox equilibria of its 
reduced and oxidized forms (4.3) which take place depending on the redox 
potential and pH of the solution [54, 55].

  

(4.3)

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

 Th e PANI swells in acidifi cation of the solution or addition of oxi-
dants due to transfer of counter anions bearing hydrate shell. Th is pro-
cess is reversible and can change the specifi c volume of the polymer by 
30%. Swelling is one of the reasons to use the potential scanning for PANI 
electrosynthesis. In periodical changes of the redox-status water and 
low-molecular components are “squeezed out” from the growing poly-
mer which becomes denser and is better attached to the solid surface. In 
chemical synthesis, the polymer can be contaminated with the impuri-
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system [57] and photochemical PANI synthesis [58] are described. Th e 
decrease of the temperature down from –30 to –70 oC improves regu-
larity of the PANI structure and minimizes the content of de-amination 
products.

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

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

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

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

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

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

  

(4.5)

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

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

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

 
 

(4.6)

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

2
) as an example].

   

(4.7)

It should be mentioned that contrary to PANI, PPY and their deriva-
tives, no chemical synthesis of polyphenothiazines and polyphenoxa-
zines was described for biosensor development as an alternative to their 
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electropolymerization. Th e products of such electropolymerization are 
mostly undiscovered and their structure is supposed on the base of cyclic 
voltammetry and spectroelectrochemistry. Th us, polymerization of meth-
ylene blue results in preferable N-demethylation of the initial molecule 
(N-to-ring coupling [80]). Another mechanism assumes ring-to-ring cou-
pling which might involve the following benzidine rearrangement (4.8) 
[81]. Similar structure of oligomers was confi rmed by on-line electro-
chemistry – electro spray mass spectrometry [82].

   

(4.8)

Electrochemical and SPR study of poly(methylene blue) on gold elec-
trode showed the formation of leuco-form of the polymer with reduced 
electroactivity in concentrated monomer solution [83].

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

Neutral red is preferably oxidized in neutral media to form both linear 
and branched polymers. Cycling the potential increases the primary pair 
of peaks at –700…–500 mV vs. Ag/AgCl with insignifi cant changes of the 
rest of the voltammogram [29]. Changes in the peak currents coincide well 
with mass of the surface fi lm estimated by EQCM techniques [25]. In some 
reports, smaller reversible peaks at about 0...200 mV increasing with the 
number of cycles are mentioned but their relation to the primary polymer-
ization product is not discussed. Th e N-to-ring polymerization products are 
proposed for the neutral red [see (4.9) for proposed dimer structure].
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(4.9)

Dendrimers with redox-active functional groups. Among redox-
active polymers which are chemically synthesized and do not have ana-
logs obtained by electrosynthesis, dendrimers are of main interest [33]. 
Dendrimers are composed of three distinct domains, i.e., the core, the 
Dendron and the terminal functional groups. Th e space between the 
branches of a dendrimer molecule forms cavities (Figure 4.2). Th e proper-
ties of the dendrimers are preferably determined by peripheral functional 
groups, although the internal functionality of the cavities and the core are 
signifi cant.

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

Th e effi  ciency of the electron transfer depends on the number of shells 
(dendrimer generation) and ferrocene units and is higher than that of a 
linear analog [87, 88]. Cobaltocene, an analog of ferrocene, has been 
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groups
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NH2NH2

NH2

NH2

NH

NH

NH
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O

O
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O
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N

N

N

N
N

N
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2

1

2

2

3

H2N

H2N

H2N
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H2N
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Figure 4.2 Th e structure and spatial arrangement of dendrimer molecule. PAMAM – 

poly(amidoamine) and PPI – poly(propylene imine). 1 – core, 2 – internal cavities and 

3 – branching points.
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successfully introduced in the dendrimers of 1–3 generations to form 
mono-substituted derivative (4.10) able to reversible electron exchange in 
aqueous and organic media [89].

 

R = H, t-Bu

 

(4.10)

Maximal sensitivity of electrochemical signal detection was achieved 
for the second generation. Th e pH dependence of the peak potential and 
electron transfer rate are due to electrostatic interactions and protonation–
deprotonation reactions of the carboxylic groups of dendrimer molecule.

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

M = 2H or Zn(II)

 

(4.11)
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4.3 Enzyme Sensors

4.3.1 PANI-Based Enzyme Sensors

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

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

  (4.12)

  (4.13)

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

In accordance with common classifi cation of oxidoreductase-based 
biosensors, appropriate PANI-based representatives can be referred to the 
 second (mediated conversion of the substrate/product of enzymatic reac-
tion) and third (direct electron transfer from the active site of enzyme) gen-
erations [125]. Regarding glucose oxidase, the appropriate reaction paths 
are presented in Schemes (4.15) and (4.16) and Figure 4.3. Here, FAD/
FADH

2
 is an enzyme cofactor and M

Ox
 and M

Red
 are oxidized and reduced 

forms of mediator M, respectively. Both bioelectrochemical reduction and 
oxidation of H

2
O

2
 can be realized, but fi rst approach seems preferable due 

to lower eff ect of possible electrochemically active interferences present in 
sample. Th us, for biological fl uids, this makes it possible to exclude contri-
bution of ascorbic and uric acids present in blood.

Second generation

FADH
2 
+ O

2 
→ FAD+H2O2

FAD + Glucose → FADH
2
 + Gluconolactone

H
2
O

2
 + M

Red
 → H

2
O + M

Ox

MOx + e− → MRed

PANI / Enzyme layer Solution

GlucoseH2O2
MRed

e-

MOx

FAD/FADH2

O2 Gluconolactone

Glucose
FAD2

MRed

-e-

MOx

FADH2 Gluconolactone

PANI / Enzyme layer Solution

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

FADH
2
 + MOx → FAD + MRed

FAD + Glucose → FADH
2
 + Gluconolactone

MOx + e− → MRed

Mediators involved in target process are similar to those used in other 
oxidoreductase-based biosensors, e.g., transient metal complexes, noble 
metals and CNTs. In such biosensors, mediators are used to avoid diffi  culties 
related to direct oxidation/reduction of H

2
O

2
 on the electrode. Th is reaction 

requires rather high overvoltage and is complicated with instability of the 
hydrogen peroxide and oxygen dependence of the enzymatic reaction rate.

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

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

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

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

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

4.3.2 PPY and Polythiophene-Based Enzyme Sensors

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

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

An interesting approach to glucose oxidase immobilization was dem-
onstrated by S. Cosnier’s group [138]. Th e electrode was modifi ed with 
single-walled CNTs and then pyrrole bearing adamantine was electropo-
lymerized. Th e enzyme was modifi ed by cyclodextrine moiety which 
entrapped the adamantane group in the host–guest complex. As a result 
of spatial separation of enzyme and electrode, the effi  ciency of bioelectri-
cal wiring was signifi cantly improved. Th e limiting current was 6.5 times 
higher than that achieved for covalent immobilization on the same car-
rier and about 1.5 times higher than that recorded with Au nanoparticles 
as additional mediator. Affi  ne immobilization via nitrilotriacetic frag-
ment anchoring the glucose oxidase or tyrosinase to PPY chain via Cu2+ 
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ions was realized in [167]. Th e structure of the complex is represented in 
Scheme (4.17).

  

(4.17)

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

Th e thickness of the PPY layer implementing enzyme is another impor-
tant factor aff ecting the biosensor performance. Th us, the use of ultra-thin 
PPY membrane (54 nM) decreased the LOD of sulfi te detection down to 
0.9 M against thicker analogs [149].

Th iophene derivatives are less active than pyrrole in reactions of enzyme 
initiated polymerization and both of them are inferior to PANI. Th e com-
parative research of enzyme initiated polymerization showed low electro-
catalytic activity of such products due to a lesser permeability of polymeric 
walls of vesicles formed. Probably for the same reason chemically syn-
thesized polymers have found limited application though polyelectrolyte 
complexes were used for physical enzyme immobilization due to their 
hydrophilicity and chemical/electrochemical stability [169]. PEDOT can 
be rather easily combined with other redox-active polymers which are 
obtained simultaneously or in consecutive stages of monomer electrolysis. 
Th e hybrid products exert improved redox activity and stability against 
homogeneous coatings of single polymers. Th us, PEDOT/poly(neutral 
red) coatings were applied for the detection of H

2
O

2
, a product of many 

oxidoreductases reaction. Th e sensor consisted of two polymers deposited 
on carbon fi lm electrode shoed extended linear range of concentration and 
lower LOD (30 M) against an analog consisted of PEDOT stabilized with 
polystyrene sulfonate and polyvinylpyridine fi lm [170]. 3-Alkylsubstituted 
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polythiophenes show regular structure and high reproducibility of the sur-
face morphology. However, their application in enzyme sensors does not 
provide any advantages over PEDOT. Contrary to that, the use of thio-
phene derivatives with carboxylic groups (polymerized thiophen-2-acetic 
or propionic acids) simplifi es the covalent immobilization of enzyme mol-
ecules via carbodiimide binding. Th e length of alkylene bridge between 
thiophene ring and carboxylic groups predetermines the accessibility of 
the enzyme active site toward the substrate molecule. As in the case of 
affi  ne immobilization via nitrilotriacetic group, high distance improves the 
detection of moderate concentrations of a substrate and allows increas-
ing the sensitivity (slope of the calibration curve) against similar methods 
of immobilization in the polymer bode or on its surface. Meanwhile, the 
changes in LOD are less convincing. Th is is not very serious for the enzyme 
sensors intended for medical applications because many of the potential 
targets (glucose, lactate) are present in the biological fl uids in rather high 
concentrations. On the other hand, the use of short linkers like in thio-
phene-3-acetic acid improves electric wiring enzyme by electron exchange 
within the polymer layer.

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

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

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

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

  

Reduced form (NADH)Oxidized form (NAD+)

 

(4.18)

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

Other polymers of this group are frequently used for the detection 
of H

2
O

2
, another widespread product of enzymatic oxidation of organic 

substrates. Th e effi  ciency of H
2
O

2
 detection is increased by combination 

of the oxidoreductase specifi c for analyte with HRP exerting biocatalytic 
eff ect on H

2
O

2
 electroreduction. It should be mentioned that methylene 

blue and some other phenothiazines belong to photosensitizers and can 
be chemically oxidized by dissolved oxygen under UV–Vis irradiation. 
If not to consider photovoltaic devices, such a property negatively aff ects 
possible application of the polymers in biosensors because of reduced life-
time and additional limitations of their use, especially in fi eld. Th e chemi-
cal instability of polyphenothiazines can be to some extent suppressed by 
copolymerization of EDOT or PPY. Th e examples of the application of 
polyphenothiazines and polyphenoxazines in the assembly of enzyme sen-
sors for the period from 2004 to 2014 are presented in Table 4.3.

Of other redox-active polymers, the “upside down” application of elec-
tropolymerized material can be mentioned [202]. Th e detection of urea 
was performed with potentiometric enzyme sensor in which poly(o-phen-
ylene diamine) was immobilized on the urease. Th is unusual assembly 
made it possible to signifi cantly decrease losses in potential determining 
ion (NH

4
+) releasing in enzymatic reaction and transferring from the elec-

trode interface into the bulk solution through the polymer layer with pH-
dependent stationary potential. Th e biosensor developed showed extended 
linearity of the response at low urea concentration.

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



Electropolymerized Materials for Biosensors 129
T

ab
le

 4
.3

 
E

n
zy

m
e 

se
n

so
rs

 b
as

ed
 o

n
 o

th
er

 e
le

ct
ro

p
o

ly
m

er
iz

ed
 r

ed
o

x-
ac

ti
ve

 m
o

d
ifi

 e
rs

 (
2

0
0

4
–

2
0

1
4

).

E
n

zy
m

e
A

n
al

yt
e 

D
et

ec
ti

o
n

 

m
o

d
e

C
o

at
in

g
/M

ea
su

re
m

en
t 

co
n

d
it

io
n

s
A

n
al

yt
ic

al
 c

h
ar

ac
te

ri
st

ic
s

R
ef

.

P
o

ly
p

h
en

o
th

ia
zi

n
es

A
lc

o
h

o
l o

xi
d

as
e

E
th

an
o

l
D

C

E
le

ct
ro

p
o

ly
m

er
iz

ed
 t

h
io

n
in

e 
w

it
h

 

re
d

u
ce

d
 g

ra
p

h
en

e 
o

xi
d

e 
o

n
 g

la
ss

y 

ca
rb

o
n

C
o

n
c.

 r
an

ge
 0

.0
5

–
1

.0
 m

M

[1
7

6
]

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
P

o
ly

(m
et

h
yl

en
e 

b
lu

e)
 d

o
p

ed
 s

il
ic

a 

n
an

o
p

ar
ti

cl
es

L
O

D
 3

 
M

, c
o

n
c.

 r
an

ge
 

0
.0

1
–

1
.1

1
 m

M

[1
7

7
]

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
L

ay
er

ed
 c

o
at

in
g 

o
f 

en
zy

m
at

ic
al

ly
 

sy
n

th
es

iz
ed

 p
o

ly
(t

o
lu

id
in

e 
b

lu
e)

 a
n

d
 

P
ru

ss
ia

n
 B

lu
e 

o
n

 A
u

 e
le

ct
ro

d
e

L
O

D
 1

0
 

M
, c

o
n

c.
 r

an
ge

 

0
.1

–
1

0
 m

M

[1
7

8
]

G
lu

co
se

 o
xi

d
as

e,
 

H
R

P

G
lu

co
se

D
C

P
o

ly
(t

o
lu

id
in

e 
b

lu
e)

 e
le

ct
ro

ch
em

ic
al

ly
 

sy
n

th
es

iz
ed

 o
n

 g
la

ss
y 

ca
rb

o
n

 e
le

c-

tr
o

d
e 

m
o

d
ifi

 e
d

 w
it

h
 C

N
T

s

C
o

n
c.

 r
an

ge
 0

.1
–

1
.2

 m
M

[1
7

9
]

H
R

P
H

2
O

2
D

C
P

o
ly

(t
o

lu
id

in
e 

b
lu

e)
 o

b
ta

in
ed

 b
y 

te
m

-

p
la

te
 e

le
ct

ro
sy

n
th

es
is

 o
n

 p
o

ly
ca

rb
o

n
-

at
e 

fi 
lt

er
 m

em
b

ra
n

e

L
O

D
 1

 
M

, c
o

n
c.

 r
an

ge
 1

 

M
–

2
8

 m
M

[1
8

0
]

(C
on

ti
n

u
ed

)



130 Advanced Bioelectronic Materials

L
ac

ta
te

 

d
eh

yd
ro

ge
n

as
e

G
lu

co
se

 

d
eh

yd
ro

ge
n

as
e

L
ac

ta
te

, 

G
lu

co
se

D
C

P
o

ly
(m

et
h

yl
en

e 
b

lu
e)

 o
r 

p
o

ly
(m

et
h

yl
en

e 

gr
ee

n
) 

o
n

 t
o

lu
id

in
e 

o
r 

n
il

e 
b

lu
e 

d
er

iv
ed

 p
o

ly
m

et
h

ac
ry

la
te

 p
o

ly
m

er

C
o

n
c.

 r
an

ge
 u

p
 t

o
 8

0
 m

M
[1

8
1

]

M
al

at
e 

d
eh

yd
ro

ge
n

as
e

N
A

D
H

,

M
al

at
e

D
C

P
o

ly
(m

et
h

yl
en

e 
gr

ee
n

) 
el

ec
tr

o
d

ep
o

si
te

d
 

o
n

 C
N

T
s-

m
o

d
ifi

 e
d

 “
B

u
ck

y”
 p

ap
er

C
o

n
c.

 r
an

ge
 0

–
6

 m
M

 

(N
A

D
H

)

[1
8

2
]

S
o

rb
it

o
l 

d
eh

yd
ro

ge
n

as
e

S
o

rb
it

o
l

D
C

P
o

ly
(m

et
h

yl
en

e 
gr

ee
n

) 
o

n
 C

N
T

s
L

O
D

 0
.1

1
 m

M
, c

o
n

c.
 r

an
ge

 

0
.6

–
2

.6
 m

M

[1
8

3
]

T
yr

o
si

n
as

e 
O

es
tr

ag
o

n
s

D
C

P
o

ly
th

io
n

in
e 

el
ec

tr
o

p
o

ly
m

er
iz

ed
 o

n
 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e

C
o

n
c.

 r
an

ge
 0

.2
–

0
.8

 m
M

 

(β
-o

es
tr

ad
io

l)
, 2

0
–

6
0

 
M

 

(p
h

en
o

l)
, u

p
 t

o
 0

.5
 m

M
 

(n
o

n
yl

p
h

en
o

l)
, 0

.4
 m

M
 

(b
is

p
h

en
o

l A
)

[1
8

4
]

P
o

ly
p

h
en

az
in

es
 a

n
d

 p
o

ly
p

h
en

o
x

az
in

es

A
lc

o
h

o
l 

d
eh

yd
ro

ge
n

as
e

E
th

an
o

l
D

C
P

o
ly

(n
il

e 
b

lu
e)

 e
le

ct
ro

p
o

ly
m

er
iz

ed
 o

n
 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e

L
O

D
 3

.3
 

M
, c

o
n

c.
 r

an
ge

 

u
p

 t
o

 1
0

0
 

M
, m

ea
su

re
-

m
en

ts
 i

n
 r

ed
 w

in
e

[1
8

5
]

A
lc

o
h

o
l 

d
eh

yd
ro

ge
n

as
e

E
th

an
o

l
D

C
P

o
ly

(b
ri

ll
ia

n
t 

cr
es

yl
 b

lu
e)

 e
le

ct
ro

p
o

ly
-

m
er

iz
ed

 o
n

 g
la

ss
y 

ca
rb

o
n

 e
le

ct
ro

d
e 

m
o

d
ifi

 e
d

 w
it

h
 C

N
T

s

L
O

D
 0

.1
 m

M
, c

o
n

c.
 r

an
ge

 

0
.4

–
2

.4
 m

M

[1
8

6
]

T
ab

le
 4

.3
 

co
n

t.



Electropolymerized Materials for Biosensors 131

A
lc

o
h

o
l 

d
eh

yd
ro

ge
n

as
e

E
th

an
o

l
D

C
P

o
ly

(n
il

e 
b

lu
e)

 e
le

ct
ro

p
o

ly
m

er
iz

ed
 o

n
 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e

L
O

D
 0

.0
5

 m
M

, c
o

n
c.

 r
an

ge
 

0
.1

–
3

.0
 m

M

[1
8

7
]

C
h

o
le

st
er

o
l 

o
xi

d
as

e

C
h

o
le

st
er

o
l

D
C

1
0

,1
3

-b
is

(2
,3

-d
ih

yd
ro

th
ie

n
o

[3
,4

-b
][

1
,4

]

d
io

xi
n

-5
-y

l)
d

ib
en

zo
[a

,c
] 

p
h

en
az

in
e 

el
ec

tr
o

p
o

ly
m

er
iz

ed
 o

n
 g

ra
p

h
it

e 

el
ec

tr
o

d
e 

fo
ll

o
w

ed
 b

y 
en

zy
m

e 
an

d
 

se
p

io
li

te
 d

ep
o

si
ti

o
n

L
O

D
 0

.3
6

 
M

, c
o

n
c.

 r
an

ge
 

u
p

 t
o

 4
0

 
M

[1
8

8
]

C
h

o
le

st
er

o
l 

o
xi

d
as

e

C
h

o
le

st
er

o
l

D
C

P
o

ly
(n

eu
tr

al
 r

ed
) 

el
ec

tr
o

p
o

ly
m

er
iz

ed
 o

n
 

ca
rb

o
n

 fi
 l

m
 e

le
ct

ro
d

e
L

O
D

 1
.9

 
M

[1
8

9
]

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
P

o
ly

(n
il

e 
b

lu
e)

 e
le

ct
ro

p
o

ly
m

er
iz

ed
 o

n
 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e

L
O

D
 5

 
M

, c
o

n
c.

 r
an

ge
 

0
.1

–
8

.5
 m

M

[1
9

0
]

G
lu

co
se

 o
xi

d
as

e,
 

p
yr

u
va

te
 

o
xi

d
as

e

G
lu

co
se

, 

p
yr

u
va

te

D
C

P
o

ly
(n

eu
tr

al
 r

ed
) 

el
ec

tr
o

p
o

ly
m

er
iz

ed
 o

n
 

ca
rb

o
n

 fi
 l

m
 e

le
ct

ro
d

e

L
O

D
 3

5
 (

gl
u

co
se

),
 3

4
 

( p
yr

u
va

te
) 

M
, c

o
n

c.
 

ra
n

ge
 u

p
 t

o
 1

.8
 (

gl
u

co
se

),
 

0
.6

 (
p

yr
u

va
te

) 
m

M
, 

m
ea

su
re

m
en

ts
 i

n
 w

in
e 

(g
lu

co
se

),
 o

n
io

n
 a

n
d

 

ga
rl

ic
 (

p
yr

u
va

te
) 

[1
9

1
]

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
P

o
ly

(n
eu

tr
al

 r
ed

) 
el

ec
tr

o
p

o
ly

m
er

iz
ed

 o
n

 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e

C
o

n
c.

 r
an

ge
 u

p
 t

o
 1

2
 m

M
[1

9
2

]

(C
on

ti
n

u
ed

)



132 Advanced Bioelectronic Materials

G
lu

co
se

 o
xi

d
as

e
H

ea
vy

 

m
et

al
s

D
C

P
o

ly
(n

eu
tr

al
 r

ed
) 

el
ec

tr
o

p
o

ly
m

er
-

iz
ed

 o
n

 g
la

ss
y 

ca
rb

o
n

, i
n

h
ib

it
io

n
 

m
ea

su
re

m
en

t

L
O

D
 1

 (
C

d
),

 6
 (

C
u

),
 3

 (
P

b
),

 

9
 (

Z
n

) 
g/

L
, c

o
n

c.
 r

an
ge

 

4
–

1
6

 (
C

d
),

 3
3

–
5

8
0

 (
C

u
),

 

8
3

–
4

6
0

 (
P

b
),

 4
1

0
–

2
5

0
0

 

(Z
n

) 
g/

L

[1
9

3
]

H
R

P
H

2
O

2
D

C
E

le
ct

ro
p

o
ly

m
er

iz
at

io
n

 o
f 

n
eu

tr
al

 r
ed

 i
n

 

th
e 

p
re

se
n

ce
 o

f 
P

t 
n

an
o

p
ar

ti
cl

es
 o

n
 

gl
as

sy
 c

ar
b

o
n

 e
le

ct
ro

d
e 

m
o

d
ifi

 e
d

 w
it

h
 

C
N

T
s

L
O

D
 1

.1
 

M
, c

o
n

c.
 r

an
ge

 

3
.6

 
M

–
4

.3
 m

M

[1
9

4
]

H
R

P
C

h
ro

m
iu

m
 

io
n

s

D
C

P
o

ly
(n

eu
tr

al
 r

ed
) 

el
ec

tr
o

p
o

ly
m

er
iz

ed
 

o
n

 c
ar

b
o

n
 fi

 l
m

 e
le

ct
ro

d
e,

 i
n

h
ib

it
io

n
 

m
ea

su
re

m
en

t 
in

 H
2
O

2
 p

re
se

n
ce

I 5
0
 =

 3
.8

 
M

 (
C

r(
II

I)
) 

an
d

 

3
.9

 
M

 (
C

r(
V

I)
)

[1
9

5
]

O
th

er
 p

o
ly

m
er

s

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
L

ay
er

ed
 p

o
ly

(o
-p

h
en

yl
en

e 
d

ia
m

in
e)

/

en
zy

m
e/

P
ru

ss
ia

n
 b

lu
e 

co
m

p
o

si
te

 

o
b

ta
in

ed
 b

y 
el

ec
tr

o
sy

n
th

es
is

 o
n

 A
u

 

el
ec

tr
o

d
e,

 H
2
O

2
 s

ig
n

al

L
O

D
 8

 
M

, c
o

n
c.

 r
an

ge
 

0
.0

5
–

1
0

 m
M

[1
9

6
]

G
lu

co
se

 o
xi

d
as

e
G

lu
co

se
D

C
E

le
ct

ro
p

o
ly

m
er

iz
at

io
n

 o
f 

5
-h

yd
ro

xy
-

ty
ra

m
in

e 
o

n
 g

la
ss

y 
ca

rb
o

n
 e

le
ct

ro
d

e

L
O

D
 0

.1
 m

M
, c

o
n

c.
 r

an
ge

 

u
p

 t
o

 5
 m

M

[1
9

7
]

T
ab

le
 4

.3
 

co
n

t.



Electropolymerized Materials for Biosensors 133

G
lu

co
se

 o
xi

d
as

e,
 

ca
ta

la
se

G
lu

co
se

D
C

E
le

ct
ro

p
o

ly
m

er
iz

at
io

n
 o

f 
n

eu
tr

al
 r

ed
 

o
r 

b
ri

ll
ia

n
t 

cr
es

yl
 b

lu
e 

o
n

 C
N

T
s-

m
o

d
ifi

 e
d

 g
la

ss
y 

ca
rb

o
n

 e
le

ct
ro

d
es

L
O

D
 1

1
 

M
, c

o
n

c.
 r

an
ge

 u
p

 

to
 1

.1
 m

M

[1
9

8
]

G
lu

co
se

 o
xi

d
as

e
H

2
O

2
, 

G
lu

co
se

D
C

P
o

ly
(b

ri
ll

ia
n

t 
cr

es
yl

 b
lu

e)
 o

n
 g

la
ss

y 

ca
rb

o
n

 e
le

ct
ro

d
e

N
o

t 
re

p
o

rt
ed

[1
9

9
]

L
ac

ca
se

 
O

xy
ge

n
D

C
P

o
ly

(o
-a

m
in

o
p

h
en

o
l)

, d
ir

ec
t 

el
ec

tr
o

n
 

tr
an

sf
er

 o
n

 g
la

ss
y 

ca
rb

o
n

 e
le

ct
ro

d
e

N
o

t 
re

p
o

rt
ed

[2
0

0
]

L
ac

ta
te

 o
xi

d
as

e
L

ac
ta

te
D

C
P

o
ly

(5
-h

yd
ro

xy
-1

,4
-n

ap
h

th
o

q
u

in
o

n
e-

co
-5

-h
yd

ro
xy

-3
-a

ce
ti

c 
ac

id
-1

,4
-n

ap
h

-

th
o

q
u

in
o

n
e)

 e
le

ct
ro

p
o

ly
m

er
iz

ed
 o

n
 

P
t

C
o

n
c.

 r
an

ge
 u

p
 t

o
 8

 m
M

, 

d
ir

ec
t 

m
ea

su
re

m
en

ts
 i

n
 

yo
gu

rt

[2
0

1
]

U
re

as
e

U
re

a
P

o
t

P
o

ly
(o

-p
h

en
yl

en
e 

d
ia

m
in

e)
 e

le
ct

ro
p

o
-

ly
m

er
iz

ed
 o

n
to

 u
re

as
e 

la
ye

r 
o

n
 g

la
ss

y 

ca
rb

o
n

C
o

n
c.

 r
an

ge
 1

0
 

M
–

1
 m

M
[2

0
2

]

U
ri

ca
se

U
ri

c 
ac

id
D

C
P

o
ly

(3
-a

m
in

o
-5

-m
er

ca
p

to
-1

,2
,4

-

tr
ia

zo
le

) 
o

n
 g

la
ss

y 
ca

rb
o

n
 e

le
ct

ro
d

e

L
O

D
 0

.5
2

 n
M

, c
o

n
c.

 r
an

ge
 

4
0

 n
M

–
0

.1
 m

M

[2
0

3
]



134 Advanced Bioelectronic Materials

  

(4.19)

Contrary to lactate dehydrogenase, lactate oxidase contains FAD as 
cofactor which is involved in reactions (4.20) and (4.21) for anaerobic and 
aerobic regimes of functioning.

Anaerobic regime:

FAD + S  FAD-S

FAD-S → FADH
2
 + P

 
(4.20)

FADH
2
 + M

Ox
 → FAD + M

Red

Aerobic regime:

FAD + S  FAD-S

FAD-S → FADH
2
 + P 

(4.21)
FADH

2
 + O

2
 → FAD + H

2
O

2

FADH
2
 + M

Ox
 → FAD + M

Red

In the presence of oxygen mediated oxidation of FADH
2
 competes with 

electron transfer on dissolved oxygen. Th e comparison of spectrophoto-
metric and electrochemical determination of the rate of enzymatic reac-
tion showed that a part of enzyme is better recycled by quinone, whereas 
another fraction reacts predominantly with oxygen. Kinetics analysis esti-
mates that about 4% of immobilized lactate oxidase participates in medi-
ated electron transfer. Generally, the necessity of deoxygenation for the 
exploration of mediated biosensor behavior is a weak point of such sys-
tems and low eff ect of natural electron acceptor in conditions similar to 
those of real sample analysis promises commercialization of such lactate 
sensor.
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4.3.4  Enzyme Sensors Based on Other Polymers Bearing Redox 
Groups

As was already mentioned, the use of ferrocene derived polymers with no 
original redox activity was suggested for simpler manufacture of the surface 
layer and more regular structure of the surface layer. Most of the interest to 
this topic was exerted about 20–25 years ago [204]. Now only few works have 
been published in the past decade. Th us, polyvinylferrocene was applied for 
glucose monitoring in the assembly of enzyme sensor [205]. Th e surface 
concentration of ferrocene units was determined form the charge passed the 
electrode [1 nanomol on bare glassy carbon and up to 15 nanomol/cm2 on the 
electrode preliminary modifi ed with multi-walled CNTs (MWCNTs)]. Th e 
calibration curve exhibited the linear range up to 8 mM (LOD 41 M). Th e 
usability of the glucose sensor was tested by measurements in horse blood.

Similar approach was suggested in [206] where glucose oxidase was 
co-immobilized by carbodiimide binding with ferrocene on carboxylated 
polyvinylalcohol in PVC matrix. Th e biosensor was tested in fruit juices 
and sport drinks.

Os bipyridine complex was synthesized and introduced in the methacry-
late polymers and copolymers containing allylmethacrylate, polyethylene 
glycolmethacrylate, butylacrylate methacrylic acid, or dimethylamino-
ethylmethacrylate [207]. Mediation of glucose oxidation was tested in the 
presence of glucose oxidase or FAD-dependent glucose dehydrogenase. 
Both enzymes showed remarkable wiring with Os complex able to revers-
ible electron exchange with the electrode and cofactor. Th e surface coverage 
calculated for such sensors was found to be higher than that of ferrocene 
(1.3×10–8/cm2). Th e biosensor showed quite stable reproducible response 
to glucose with linear range of concentration up to 5 mM.

PAMAM with covalently attached ferrocene units was used in the 
assembly of reagent-less enzyme sensor for glucose [208]. Terminal ami-
nogroups of PAMAM were modifi ed with ferrocene aldehyde and then the 
product was introduced in cystamine monolayer on Au electrode. Glucose 
oxidase was fi rst oxidized by periodate and then included in the surface 
layer (Fig. 4.4) Th e surface concentration of ferrocene participating in the 
electron exchange was estimated by cyclic voltammetry (2.5×10–9 mol/cm2, 
or 32% of the total number of ferrocene units). Th e biosensor makes it pos-
sible to detect 0.1–15.8 M of glucose (LOD 0.05 M).

Opposite sequence of reactant addition was realized in [209]. Au 
electrode was fi rst covered with thiolated ferrocene derivative and then 
PAMAM and glucose oxidase were simultaneously deposited. Similar pro-
tocol with asymmetrical dendrimer bearing single ferrocene units was 
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Figure 4.4 Assembling of the surface layer based on repeated treatment with ferrocene–

dendrimer conjugate and glucose oxidase oxidized with periodate.

described in [210]. Th e glucose biosensor show linear response within 
1–22 mM and rather low working potential (+0.25 V).

Direct electron transfer from glucose oxidase was realized with glassy 
carbon electrode modifi ed with dendrite poly[meso-tetrakis(2-thienyl)
porphirynate] Co(II) and single-walled CNTs [211]. Th e immobilized glu-
cose oxidase showed reversible fast electron exchange (rate constant 1.01 
s–1) and low working potential (–0.2 V). Uric and ascorbic acids did not 
interfere with glucose detection (conc. range 0.02–10 mM and LOD 4  M).

Simultaneous immobilization of glucose oxidase and HRP has been 
used for glucose detection with the sensor based on 1–3 generations PPI 
with methylferrocene units (4.22) [212]

 

N

NH

Fe

N

HN

Fe

HN NH

Fe Fe

 

(4.22)
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Ag

binding site

Light

chains

Heavy

chains
VL

CL

Fab

sub-unit

Figure 4.5 Outline presentation of Ab structure. V
L
 and C

L
 are variable and constant 

domains, respectively (shown for light chain only).

Maximal response was detected with 1.8×10–9 mol ferrocene/cm2. Th e 
LOD increased from 12.8 M for fi rst generation to 22.1 M for third gen-
eration of dendrimer. Th is was explained by steric limitation of the elec-
tron exchange and lower effi  ciency of mediated electron transfer.

Mixed ferrocene-cobaltocene-modifi ed poly(ethylene imine– tetramine) 
dendrimer (1–4 generations) was applied for electrostatic immobilization 
of glucose oxidase and enzyme wiring for glucose detection [213]. Th e 
sensitivity (slope of calibration curve) increased from the fi rst to fourth 
generation and the biosensor performance was tested both in aerobic and 
anaerobic conditions. Th e surface coverage estimated by cyclic voltamme-
try was about 10–10 mol ferrocene/cm2.

4.4 Immunosensors Based on Redox-Active Polymers

Immunosensors belong to affi  nity biosensors in which the reactants, i.e., 
antibody (Ab) and antigen (Ag) participate in reversible reaction (4.23) 
which equilibrium is shift ed toward the Ag–Ab complex. Contrary to 
enzymes, the maximal signal of such biosensors corresponds to the 
equilibrium and does not assume any chemical changes in the nature of 
immunoreagents.

 
KaAg Ab Ag Ab (4.23)

Th e equilibrium constant called also as affi  nity constant varies for 
immunochemical assay from 102 to 1015 M–1, so that the reverse reaction 
can be not taken into account accept special treatment of immunosensor 
required for its repeated use. Ab is a Y-shaped protein consisted of two long 
(heavy) and two short (light) chains symmetrically combined via disulfi de 
bridges of cystine residues (Figure 4.5).
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Th e effi  ciency and variety of Ag binding is achieved due to variable 
parts of the chains which form binding sites of the structure mimicking 
the properties of the analyte molecule. Very high specifi city of immuno-
chemical reactions as well as universal principles of Ab selection make 
immunochemistry approaches popular in biomedical assays and other 
areas requiring a sensitive and specifi c detection of biologically active 
compounds.

Although most of the commercial applications of immunoassay work 
with so-called polyclonal Abs isolated from the serum of immunized ani-
mals, a signifi cant part of research has concern with development and 
application of novel immunorecognition elements. In addition to mono-
clonal Abs produced by genetic engineering approaches based on hybrid-
oma cells, reduced replicas of traditional Abs are of special attention.

Th us, Fab subunits combine the domains of heavy and light chains par-
ticipating in recognition of Ag. Th e Fab fragments can be isolated aft er 
treating the Ab molecules with papain. Th ey can be used instead of the full 
molecules to recognize the same analytes with lesser non-specifi c binding 
of interferences and higher stability in immunotests and immunosensors. 
Th e Ab molecules can be also split into two identical parts consisting of 
one heavy and one light chain each. Th e reduced Ab receptors are easily 
immobilized on Au electrode or Au nanoparticles by spontaneous Au–S 
bonding [214]. Recently, another type of Ab has found application in 
immunoassay. Nanobodies are single-domain Ab fragments consisting of 
the variable part of the heavy chain only [215]. Th e nanobodies are the 
smallest Ab fragments with the molar mass ranging from 12 to 14 kDa 
which are encoded by a single gene easily implemented in bacteria and 
yeast cells.

Th e detection of Ag–Ab interactions depends on the nature of Ag mol-
ecules. For high-molecular compounds, competitive and sandwich assay 
modes are mainly applied. In competitive assay sample containing target 
Ag molecules is mixed with the solution of the same Ag molecules bearing 
a label. Aft er that, immunosensor with Abs immobilized on the electrode is 
treated with the mixture and surface concentration of the label determined 
by its redox signal. Both labeled and non-labeled Ag molecules compete 
for the same binding site of Ab molecules so that the higher the label signal 
the lesser the content of non-bonded Ag in the sample tested.

In sandwich assay, two types of Abs are required, i.e., capturing and sig-
naling (secondary) Ab. First, immunosensor is incubated in the sample 
tested. Th en the product of Ag–Ab interaction accumulated on the surface 
is treated with secondary Ab bearing label. Th e signal of label is increased 
with the concentration of analyte in the sample.
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If the analyte is a small low-molecular compound (hapten), indirect 
competitive assay is used. In this method, the transducer is modifi ed with 
analyte molecules commonly bonded to high-molecular carrier like BSA 
(so-called conjugate). Th e sample is fi rst mixed with solution of specifi c 
Abs taken in excess against Ag to be tested. Th e unreacted Ab molecules 
then react with Ag conjugate on the sensor surface. Aft er that, secondary 
Abs are used to detect the analyte by the label signal. As in direct com-
petitive assay, the signal of such immunosensor decreases with increased 
analyte concentration.

All the measurement protocols mentioned earlier were adapted from 
conventional immunoassay techniques. Among Ag–Ab affi  nity, the sensi-
tivity of detection depends on the non-specifi c adsorption of immunore-
actants on the transducer and cross-reactivity of capturing and signaling 
Abs. To some extent, the undesired interactions can be suppressed by care-
ful washing of immunosensor between the reagent addition and blocking 
the naked electrode surface with inert proteins. For the same reason, the 
decrease in the stages of immunoassay is desirable to shorten general mea-
surement time and the intermediate washing steps.

From all the reasons, competitive immunoassay is simpler and more 
convenient for automation and fl ow-through (fl ow injection) analysis, 
whereas sandwich assay is more sensitive and labor and time consuming.

In addition to traditional methods, immunosensor format makes pos-
sible direct measurement of Ab–Ag formation on the electrode surface 
by recording the permeability of the surface layer toward small charged 
molecules called as redox probes. Th us, EIS measurement with ferricya-
nide ions [Fe(CN)

6
]3–/4– indicates the inclusion of bulky non-conductive 

Ag molecules by increase of the charge transfer resistance. In DC mode, 
similar information can be obtained from consideration of cyclic voltam-
mograms of the same anions. Immunoreaction decreases the peak cur-
rents and the reversibility of the electrode reaction (diff erence of the peak 
potentials and forma redox potential). Th e sensitivity can be additionally 
enhanced by the use of secondary Abs or nanoparticles as Ab labels. Ii 
could be expected that own redox activity of the polymers also alters with 
the Ag capture. However, this signal is less sensitive and presently is not 
used for immunosensing. More oft en, the electron transduction is applied 
for increasing sensitivity of label detection, e.g., oxidoreductases applied in 
so-called immunoenzyme assay variants. Th e examples of electrochemi-
cal immunosensors based on redox polymers are summarized in Table 4.4 
(2004–2014).

As could be seen from the Table 4.4, HRP/hydroquinone (HQ) [216, 
228, 235, 241, 242] and alkaline phosphatase/1-naphtyl phosphate [232] 
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or p-aminophenylphosphate [230, 231] pairs are mainly used as labels in 
immunosensors with to respect of the polymer carrier. Th e reactions gen-
erating voltammetric signal are presented in Schemes (4.24) and (4.25).

  

(4.24)

  

(4.25)

Figutre 4.6 shows a typical competitive assay scheme realized with Abs 
toward osteoproteogerin immobilized on poly(thiophene-3-carboxylic 
acid) synthesized from terthiohene derivative [237]. Th e polymer was pre-
liminary reached with Au nanoparticles to accelerate direct electron trans-
fer to HRP used as Ag label.

1 2 3 4 5
HRP

H2O2

H2O

H2O

H2O2
HRP

Figure 4.6 Competitive assay of osteoproteogerin with electrochemical immunosensor. 

1 – poly(thiophene-3-carboxylic acid) modifi cation, 2 – Au nanoparticles 

electrodeposition, 3 – specifi c Ab immobilization by carbodiimide binding to –COOH 

groups of the polymer, 4 – blocking free electrode surface with casein and 5 – binding free 

and HRP-labeled analyte molecules followed by direct electron transfer recording.
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Th e use of secondary Abs can be amplifi ed by nanoparticles providing 
multiple binding of auxiliary reagents. Th us, PANI-based immunosen-
sor has been developed for benz[a]pyrene detection [216]. Th e ITO glass 
electrode was fi rst covered with negatively charged Nafi on for electrostatic 
attraction of positively charged PANI obtained by persulfate oxidation in 
the presence of ferrite nanoparticles. Aft er that, target Ag–Ab interaction 
was amplifi ed by the use of carbon nanospheres obtained by pyrolysis of 
glucose solution. Th e nanoparticles were modifi ed by carbodiimide bind-
ing with secondary Abs conjugates with HRP. Th us, a single target inter-
action resulted in attachment of multiple label molecules (HRP) to the 
biosensor interface. Th e surface activity of HRP was fi nally recorded by 
HQ oxidation product, benzoquinone (BQ) (Figure 4.7).

A similar magnifi cation of the signal was attained using carbon hol-
low nanochains (polytyramine polymer as immobilization matrix [241]), 
CNTs (alkaline phosphatase label [232]) and graphene oxide (polythionine 
[240]). In the latter case, redox-active polydopamine polymer was applied 
for the modifi cation of the label. For this purpose, graphene suspension 
was mixed with dopamine, thionine and HAuCl

4
 solution. Th e redox reac-

tion resulted in chemical reduction of Au(III) ions to form nanoparticles 
and consecutive oxidation of dopamine to polymeric product deposited 
together with metal and thionine molecules on the graphene nanofl akes. 
Glassy carbon electrode was treated with the modifi ed graphene fl akes, Ab 
and BSA to block unoccupied place of the electrode. Th e reaction with Ag 
(α-fetoprotein) resulted in remarkable changes of both EIS parameters and 
the thionine DPV signal. In a similar manner, reduced graphene oxide was 
applied for amplifi cation of HRP signal with HQ as organic substrate [242].

Dendrimers bearing redox-active groups off er broad opportunities for 
immunosensor development due to combination of hydrophilic moieties 

1 2 3 4

H2O2

H2O

HQ

BQ

Figure 4.7 Sandwich assay of benz[a]pyrene with electrochemical immunosensor. 

1 – ITO glass electrode covered with Nafi on, 2 – PANI/Fe
3
O

4
 suspension deposition, 3 – 

benz[a]pyrene loading and 4 – incubation with anti-benz[a]pyrene Ab and secondary Ab 

attached to carbon nanospheres together with HRP.
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for Ab immobilization in close contact with redox centers and of simple 
one-step assembling of the surface layer.

Th us, sandwich assay was utilized for the detection of anti-biotin Abs 
as model target on the base of glassy carbon covered with PAMAM–fer-
rocene conjugate and secondary antibodies bearing alkaline phosphatase 
[243]. Th e LOD of 0.1 mg/mL was achieved by recording the mediated 
oxidation of p-aminophenol, a product of substrate hydrolysis.

Immunosensor based on ITO glass electrode with physically adsorbed 
PAMAM (4 generations) modifi ed with terminal ferrocene units [244]. 
Anti-mouse IgG Abs were immobilized by avidin–streptavidin binding. 
Sandwich assay with alkaline phosphatase as label makes it possible to 
detect 10 pg/mL of the analyte. Th e addition of hydrazine amplifying the 
signal due to recovery of p-aminophenol decreased the LOD to 100 fg/mL.

4.5 DNA Sensors Based on Redox-Active Polymers

4.5.1 PANI-Based DNA Sensors and Aptasensors

First and foremost, DNA sensors have been developed for the detection 
of complementary sequences of oligonucleotides. Th is was achieved by 
involvement of target oligonucleotides in the hybridization reaction with 
complementary sequence introduced in the biosensor assembly and called 
as DNA probe. Th e hybridization detection is demanded in medical diag-
nostics of pathological microorganisms and viruses but also found grow-
ing application in food chemistry [detection of the tissues of genetically 
modifi ed organisms (GMO) in the foodstuff s] and environmental moni-
toring (bacterial contamination).

Th ree strategies are mainly applied for detection of a hybridization 
event:

• Determination of the changes in the redox signal related to 
the electrochemically active labels incorporated in the DNA 
probe or to the redox indicators specifi cally interacted with 
hybridization product;

• Monitoring of the changes in the electrochemical character-
istics of the polymeric support resulted from its interaction 
with DNA probe and/or target oligonucleotide;

• Recording changes in the electrode characteristics due 
to diff erent permeability of the surface layer caused by 
hybridization.
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Not all of them are realized in appropriate DNA sensors involving 
PANI. Meanwhile, the mechanism of the signal generation in PANI-based 
DNA sensors is commonly suggested but rarely proved with appropriate 
techniques. It should be also mentioned that most of the articles do not 
contain conventional analytical characteristics of the hybridization detec-
tion. Mostly, the possibility to detect a certain complementary sequence 
is stated and the possibility to diff erentiate the behavior of fully not fully 
complementary sequences is explored as selectivity criterion.

Aligned PANI nanofi bers were synthesized on glassy carbon modifi ed 
with oxidized graphene [245]. Th e electrosynthesis was performed in three 
steps, i.e., galvanostatic initiation at high current density and then at twice 
decreased current, in aniline–HCl solution. Th e immobilization of the 
24-mer DNA probe was performed by carbodiimide binding. Th e hybrid-
ization of complementary DNA target increased the peak current measured 
by DPV and referred to the graphene redox activity. Th e PANI exerted 
synergetic eff ect on the graphene signal. Th e DNA sensor described distin-
guished complementary and three-mismatch oligonucleotides. Th e target 
DNA sequence was determined in the range from 2.12×10–6 to 2.12×10–12 
M (LOD 3.25×10–13 M).

ITO coated glass electrode with PANI potentiostatically polymerized 
from HCl containing 1% chitosan was described in [246]. Th e 42-mer DNA 
sequence was immobilized onto the polymer by electrostatic accumulation. 
Th e formation of double-stranded (ds-) DNA helix decreased the perme-
ability of ferricyanide as redox probe and hence decreased the peak cur-
rent. Concentration range from 0.1 to 25 fM (LOD 0.05 fM) was achieved. 
Th e DNA sensor was proposed for early breast cancer diagnostics.

Highly sensitive detection of pathogen of Mycobacterium tuberculosis 
was described with DNA sensor and diff usionally free methylene blue as 
redox label [247]. Aminated DNA probe was immobilized onto electropo-
lymerized PANI layer by cross-linking with glutaraldehyde. Th e cathodic 
peak current of methylene blue reduction decreased in the presence of tar-
get oligonucleotide due to involvement of the redox probe in the ds-DNA 
formed on the electrode. Th e DNA sensor made it possible to determine 
from 2.5×10–18 to 15×10–18 M of target oligonucleotide. Th e sensitivity 
toward biological target was then increased by displacement of DNA probe 
with appropriate protein nucleic acid (PNA, the lowest quantifi cation level 
of 0.125×10–18 M).

Nanowires of PANI synthesized in potentiostatic electrolysis were used 
for carbodiimide binding of aminated oligonucleotides and the follow-
ing hybridization detection [248]. Th e electrode was consecutively incu-
bated in the sample and methylene blue solution and then transferred in 
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the buff er with no free methylene blue. Th e decrease of the peak current 
related to redox probe depended on the analyte concentration in the range 
from 0.225 nM to 2.25 pM (LOD 1.0 pM).

ITO glass electrodes were covered with potentiometrically deposited 
PANI and then DNA oligonucleotide related Neisseria gonorrhoeae by avi-
din–biotin binding [249]. Th e intrinsic redox activity of the PANI–DNA 
adduct was characterized by the current plateau at 200–400 mV. Both the 
plateau current and guanine oxidation signal recorded at 0.85 V decreased 
in hybridization event. Th e range of the concentrations determined with 
DNA sensor was 1×10–6–1×10–16 M (logarithmic scale) and the LOD was 
0.5×10–16 M.

Th e same target oligonucleotides were detected by ITO glass electrode 
covered with MWCNTs, Fe

3
O

4
 nanoparticles and PANI electropolymer-

ized in galvanostatic mode [250]. Th e principle scheme of the biolayer 
preparation and signal measurement is presented in Figure 4.8.

Th e hybridization event was detected by changes in the methylene blue 
current (LOD 1×10–19 M). Th e use of glutaraldehyde instead of avidin–bio-
tin binding increased the LOD to 1×10–17 M [251].

A highly sensitive method for the detection of hybridization event 
was proposed in Ref. [252]. Glassy carbon electrode was fi rst coated by 
electropolymerized polytyramine fi lm. Th en it was coated with chemi-
cally synthesized mesoporous zirconia particles covered with PANI. Th e 
immobilization of DNA probe related to gene of phosphinothricin acetyl-
transferase, one of the screening detection genes of the transgenic plants, 
was immobilized by the affi  nity of DNA to ZrO

2
. Th e integrity of the sur-

face layer was checked by cyclic voltammetry, whereas hybridization was 
detected by EIS. Th e charge transfer resistance increased with the analyte 
concentration within 1.0×10–13–1.0×10–6 M (LOD 2.68×10–14 M).

Another target of GMO screening, a fragment of CAMV35S gene, was 
detected with electrochemical immunosensor based on glassy carbon 
modifi ed with electrochemically reduced graphene coupled with chemi-
cally synthesized PANI and [Ru(NH

3
)

6
]3+ ions as intercalators [253]. Th e 
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Figure 4.8 Outline presentation of the DNA sensor assembling based on PANI/

Fe
3
O

8
 composite. 1 – Avidin deposition, 2 – biotinylated DNA probe binding and 3 – 

hybridization event.
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intercalator current measured in DPV mode decreased with the analyte 
concentration in the range from 1×10–13 to 1×10–7 M (LOD 3.2×10–14 M).

Detection principle relative to competitive assay was realized in [254]. 
Glassy carbon electrode was consecutively covered with electropoly-
merized PANI, Au nanoparticles and 17-mer target DNA sequence. Th e 
hybridization was detected by involvement of biotinylated target sequence 
detected by alkaline phosphatase–streptavidin conjugate. Presence of Au 
nanoparticles is of crucial importance for the sensitive detection. In PANI–
Ab layer the sensitivity of detection was about 10 times lower and did not 
allow distinguishing complementary and non-complementary sequences. 
Th e LOD corresponded to 10% shift  of the signal was found to be 10 nM.

Enzymatic polymerization resulted in formation of amyloid-like nanofi -
bers of PANI self-assembled on the surface of protein molecules on glassy 
carbon electrode [255]. Th e surface of the nanotubes was modifi ed with 
hairpin-loop DNA probe. Treatment with target DNA related to hepatitis 
B virus gene resulted in formation of partially hybridized product. In the 
second step, signaling DNA probe labeled with HRP was used. As a result, 
enzyme was fi xed near the PANI surface and produced the current of direct 
electron transfer measured in DC mode. Th e DNA sensor makes it pos-
sible to detect 2.0–800.0 fM (LOD 1.0 fM) of biological target. Th e scheme 
of DNA sensor assembling and operation is presented in Figure 4.9.

Th e aptasensors include aptamers, synthetic oligonucleotides synthe-
sized by combinatorial chemistry approach, and specifi cally bind various 
biomolecules [256]. Being sensitive as conventional Abs, aptamers are more 
stable and easier modifi ed for implementation in the biosensor assembly. 
Aptamers fi nd increasing application in detection of biopolymers and low-
molecular compounds able to selective DNA binding [257]. Single wires 
of PANI have been grown in the microchannel obtained by e-beam lithog-
raphy between two Au electrodes separated with a 5 m gape [258]. Th e 
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Figure 4.9  Hairpin-loop DNA probe-based biosensor for detection of hepatitis B virus 

gene.
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interaction of DNA aptamers with immunoglobulin IgI resulted in changes 
of the PANI conductivity. Th e aptasensor makes it possible to detect 1.0 pg/
mL–22.0 ng/mL (LOD 0.56 pg mL–1, or 2.8 fM) of target Ab.

4.5.2 PPY-Based DNA Sensors

Substituted PPY fi lms were fi rst applied for positioning of DNA probes on 
the solid support required for DNA chip development. It was an alterna-
tive to covalent modifi cation on activated nylon beds [259] which off ered 
better opportunities for automation of the chip manufacture. For targeted 
immobilization, carboxylic, amide or ester groups were introduced in 
3-position of pyrrole ring. To get access of bulky DNA oligonucleotides, 
the substituted monomers were “diluted” with unsubstituted pyrrole on 
the electropolymerization step [see (4.26) as an example].

  

(4.26)

Th e DNA probe can be then immobilized via terminal amino groups 
[260]. Th e reaction was confi rmed with IR spectroscopy by disappeared 
vibration frequencies at 1650 cm–1 associated to the pyrrolidinone moiety 
of the leaving group as well as by new appeared bands at 695 cm–1 and 
about 790–820 cm–1 related to the phosphorylamide and oligonucleotide 
groups, respectively. Th e hybridization of the DNA probe with comple-
mentary DNA sequence suppressed the redox peak of PPY probably due 
to charge infl uence exerted on the electron transfer in the polymer fi lm.

Terminal covalent immobilization of DNA probes can be also achieved 
by N-substituted pyrrole monomers bearing terminal carboxylic groups via 
carbodiimide binding. [261]. Th e polymerization product exhibited nearly 
reversible behavior with standard potential of 0.58 V and surface coverage 
of 3.5×10–7 mol cm–2. Th e DNA sensor was applied for detection of gene 
specifi c to West Nile virus in competitive assay mode. Aft er the incuba-
tion in the sample tested the DNA sensor was treated with biotinylated 
complementary DNA sequence and then glucose oxidase was attached via 
biotin–avidin–biotin linking. Th e signal of H

2
O

2
 oxidation was measured 

at 0.6 V vs. Ag/AgCl (Figure 4.10). Th e range of the DNA target sequence 
determination was from 10–10 to 10–15 g/mL.
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Copolymer of 4-(3-pyrrolyl)butanoic acid and unsubstituted pyrrole 
was applied for immobilization of DNA probe specifi c for Salmonella 
virulence invA gene [262]. Th e hybridization resulted in charge transfer 
resistance increase and suppression of the PPY redox peak recorded in DC 
mode.

In Ref. [263], DNA probe specifi c for West Nile virus was attached to the 
PPY fi lm by intercalation. Th e acridone derivative that anchored the DNA 
probe was covalently immobilized to PPY bearing succinimide groups. 
Labeling the hybridization product with glucose oxidase made it possible 
to reach 1 pg/mL detection limit.

Impedimetric DNA sensor with PPY–CNTs composite with aminated 
DNA probe covalently attached to terminal carboxylic groups of the car-
rier was successfully applied for detection of 1.0×10–11–1.0×10–7 M of 
target DNA (LOD 5.0×10–12 M) [264]. Contrary to many other reports, 
the decrease of the charge transfer resistance due to hybridization was 
observed due to own electric conductivity of the DNA helix–.

Avidin-biotin binding is one of the most eff ective immobilization ways 
for targeted binding the DNA oligonucleotides [265, 266]. Some of the 
monomers used for this purpose are shown in the following (4.27). Th e 
DNA graft ing can be performed prior to or aft er electropolymerization. 
Such hybrid fi lms are suitable not only for voltammetric but also photovol-
taic [267], SPR, or fl uorescence signal measurements [268].

  

(4.27)
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Figure 4.10 PPY-based DNA sensor for the detection of gene related to West Nile virus.
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Th e poly(pyrrole-nitrilotriacetic acid) fi lm provides another example of 
affi  ne immobilization realized via metal chelation with biotin or histidine 
tags as ligands. Th us, biotinylated 48-mer DNA target specifi c for HIV was 
immobilized by incubation of the electrode covered with such PPY fi lm 
preliminary soaked in CuCl

2
 [269]. Th e hybridization was indicated by 

increase in the resistance of the charge transfer measured in the presence 
of neutral redox probe, HQ, at 0.4 V.

Carbon paste electrode with CNTs added to the electrode material was 
used for electropolymerization of pyrrole in the presence of 32-mer DNA 
probe [270]. Th e hybridization was monitored by the oxidation current 
of intercalator ethidium bromide in the range from 1.0×10–10 to 1.0×10–8 
M (LOD 8.5×10–11 M). Five-point mismatch sequence can be distin-
guished from fully complementary oligonucleotide at the lowest level of 
quantifi cation.

Bilayer DNA microsensor was developed by combination of PPY and 
polymer of 2,5-bis(2-thienyl)-N-(3-phosphorylpropyl)pyrrole which were 
obtained in two separate steps of electrolysis onto the Pt microelectrode 
[271]. Th e electrolysis was performed from acetonitrile in potentiostatic 
regime with control of the charge passed to reach reproducible conductive 
fi lms. Th e DNA probes were linked to the polymer by a bidentate complex 
between Mg2+ and alkyl phosphonate group of the polymer. Th e hybridiza-
tion increases electrostatic barrier onto the layer which prevents chloride 
anion exchange. As a results, the charge passed decreased with the ana-
lyte concentration varied from 10–16 to 10–6 M. Th is protocol was used for 
sensitive determination of 244-mer DNA sequence related to HIV (LOD 
1.82×10–21 M [272]).

DNA sensor based on interdigitated Au electrodes covered with PPY-
DNA fi lm was developed for detection of herpes simplex virus [273]. Th e 
immobilization was performed by entrapment of the DNA probe in the 
growing PPY layer obtained by cycling voltammetry. Th e PPY redox peak 
was suppressed by hybridization product within 4-22 nM of the target 
DNA (LOD 2 nM).

Ferrocene functionalized PPY was synthesized on Au electrode by 
polymerization 1-(phthalimidylbutanoate)-1’-(N-(3-butylpyrrole)butan-
amide)ferrocene and pyrrole performed in acetonitrile [274]. Th e 25-mer 
DNA probe was then covalently attached to the fi lm via terminal amino 
group by substitution of phthalimide fragment. Th e redox signal of ferro-
cene decreased with the analyte concentration. As was shown by SEM for 
macro- and microelectrodes, reducing size of the electrode allowed nucle-
ation and increased growth rate of the polymer fi lm during the polym-
erization. Th is increased the sensitivity and selectivity of hybridization 
detection.
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Among diseases and pathologies, DNA hybridization was applied for 
GMO monitoring by detection of some biomarkers like subunit 35S of 
ribosomal RNA of Caulifl ower mosaic virus (promoter) and nopaline 
synthase (NOS) gene from Agrobacterium tumefaciens. For this purpose, 
DNA sensor with PPY doped with CNTs was described [275]. Herbicide-
resistance soybean (Monsanto, Inc.) was chosen as a model. Th e DNA 
probes specifi c for 35S promoter and NOS gene were introduced in grow-
ing PPY fi lm deposited on pre-oxidized CNTs on the Au planar interdigi-
tated microelectrodes. Th e hybridization was monitored by QCM and EIS. 
Th e increase of the charge transfer resistance made it possible to detect 
25–292 pM of 35S sequence.

Th e idea of DNA entrapment in the growing polymer fi lm was com-
bined with the molecular imprinting concept [276]. Pyrrole was immo-
bilized on pencil graphite electrode by cyclic voltammetry and potential 
pulse technique. Aft er that, the DNA molecules entrapped were removed 
by hydrolysis. Th e AFM study showed remarkable changes in the surface 
morphology of the electrodes covered with modifi ed PPY prior to and aft er 
DNA removal and that of conventional PPY fi lm. Th e biosensor preserved 
the ability to selective adsorb DNA from solution and detect the amounts 
of analyte by DPV signal measured in the region of nucleotide oxidation.

A hybrid PANI–PPY polymer was chemical synthesized and then casted 
on Au electrode followed by gold nanoparticles deposition [277]. Th iolated 
DNA probe was then immobilized on Au surface by self-assembling. 
Comparative research showed that the presence of polymers increases the 
sensitivity of hybridization detection by 2.5 times against similar electrode 
covered with Au nanoparticles only. Th e dynamic detection range observed 
for complementary target was from 1×10–6 to 1×10–13 M (LOD 1.0×10–13 M).

Among DNA sensors, two assemblies of aptasensors based on PPY fi lms 
have been described. Th e fi rst one is based on affi  ne immobilization via 
chelation realized by electropolymerization of pyrrole–nitrilotriacetic acid 
followed by Cu2+ treatment and incubation in aptamers against thrombin 
[278]. Charge transfer resistance increased in the range of the analyte con-
centration from 4.7×10–12 to 5.0×10–10 M. No signifi cant infl uence of BSA 
and lysozyme was found. In second example, human cellular prions were 
determined with aptasensor based on PPY–PAMAM (4 generations) com-
posite and ferrocenyl group as redox marker. Th e aptamers were immobi-
lized via avidin–biotin binding and ferrocene groups positioned between 
polymer and aptamer layers. Specifi c changes in the redox activity were 
because of the lower diff usion of ions in the surface layer caused by imple-
mentation of bulky protein molecules. Th e detection limit of 0.8 pM and 
the direct testing of blood plasma were achieved.
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An electrochemical aptasensor based on PPY modifi ed with redox den-
drimers, able to detect human cellular prions (PrPC ) with high sensitivity 
has been recently reported [279]. In this work the gold surface was modifi ed 
by conductive PPY fi lm coupled to PAMAM dendrimers of fourth genera-
tion and ferrocenyl group as redox marker.Th e DNA aptamers were immo-
bilized on the surface via biotin/streptavidin chemistry. Electrochemical 
signal was detected by ferrocenyl group incorporated between dendrimers 
and aptamers layers. Th e association of redox dendrimers with conduct-
ing PPY leads to high sensitivity of PrPC determination with detection 
limit of 0.8 pM, which is three orders of magnitude lower, compared to 
fl at ferrocene-functionalized PPY [280]. Detection of PrPC in spiked blood 
plasma has been achieved and demonstrated a recovery up to 90%. Similar 
detection limit (0.5 pM) and a wide linear range of detection from 1 pM 
to 10 μM has been demonstrated for PrPC sensitive aptasensor based on 
MWCNTs modifi ed with PAMAM dendrimers of fourth generation [281]. 
Electrochemical signal was detected by a ferrocenyl redox marker incorpo-
rated between the dendrimers and aptamers interlayer.

4.5.3 Th iophene Derivatives in the DNA Sensors

Th e assembling and operating of the DNA sensors including polythio-
phene derivatives does not diff er signifi cantly from those already described 
in previous sections. Polythiophene moiety like PPY shows one broaden 
reversible peak on voltammogram which changes with the DNA-specifi c 
interactions, namely, hybridization. All the changes observed can be related 
to either electron exchange suppression or counter ion transfer. Th e use of 
substituted polythiophenes enhances the performance of DNA sensors due 
to increased capacity of the polymer fi lm towards anionic biomolecules 
or improved procedure of polymerization. Steric limitations of the DNA 
hybridization can be partially avoided by using copolymers with unsub-
stituted thiophene or those with rather small substituent. In some cases, 
di- and terthiophenes are applied instead of thiophene itself on the step of 
electropolymerization to exclude over-oxidation of thiophene fragment to 
sulfone.

Th us, cyclopentadithiophene was electropolymerized with 
4-cyclopenta[1,2-b;3,4-b’]dithiophene-4-ylidenemethyl-N,N-diethylben-
zene sulfonamide from acetonitrile solution by potential cycling between 
–0.75 and 0.40 V vs. SCE [282]. Aft er that, 42-mer DNA oligonucleotide 
was covalently attached to terminal groups of copolymer. Th e 675-mer 
target was hybridized and changes in the polythiophene redox peaks, 
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permeability of the surface fi lm and mass increase were recorded by DC 
voltammetry, EIS and QCM, respectively.

Th e terthiophene functionalized with alkylenecarboxylic fragment 
(4.28) was synthesized polymerized on Pt electrode by potential cycling 
[283]. Th e 18-mer DNA oligonucleotide bearing amino group was then 
graft ed to the polymer by carbodiimide binding. Th e hybridization with 
the complementary target increased the charge transfer resistance mea-
sured in the presence of [Fe(CN)

6
]3–/4–.

  

(4.28)

Th e DNA chip on 2×3 cm glass plate with Pt pads was prepared by the 
electropolymerization of 3-carboxylic derivative of thiophene and ami-
nated DNA probe [284]. All the reactions including the hybridization 
detection were performed in acetonitrile. Th e formation of ds-DNA onto 
the electrode surface suppressed own polythiophene redox activity.

Polythiophene layer with covalently attached methylene blue was syn-
thesized in accordance with (4.29).

 

(4.29)

Methylene blue changes its redox activity in hybridization event depend-
ing on the analyte concentration [285]. In low-concentration region, the 
signal increases due to electrostatic interactions of positively charged 
redox probe with negatively charged DNA target. At higher concentra-
tions, intercalation of methylene blue decreases the current of its oxida-
tion/reduction on cyclic voltammogram.

PEDOT-ds-DNA fi lm was obtained by cycling the potential and physi-
cal adsorption of DNA followed by drying the surface [286]. Aft er that, the 
modifi ed electrode was immersed in the solution of Nile blue for 10 min. 
Phenazine dye intercalated the DNA helix but retained its electrochemical 
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and electrocatalytic activity. Th is was shown on the example of H
2
O

2
 detec-

tion. Th e reversible peak of nile blue at –0.37 V regularly changed with the 
analyte concentration between 6 M and 0.2 mM (LOD 0.1 M).

Some analogs of EDOT (4.30) were tested in electropolymerization 
and label-free hybridization detection [287]. Th e DNA probe related to 
Caulifl ower mosaic virus, GMO biomarker, was casted on the electrode. 
Th e hybridization resulted in suppression of own polythiophene activity, 
whereas fully non-complementary sequences do not interfere with oxida-
tion current recorded at 0.9–1.2 V.

  

(4.30)

4.5.4  DNA Sensors Based on Polyphenazines and Other Redox-
Active Polymers

As was mentioned before, thionine is electropolymerized similarly to ani-
line with formation of the product exerting the pH-dependent redox activ-
ity and electron mediation. However, contrary to PANI the polythionine 
retains its redox activity in neutral media. Th is off ers good opportunities 
for the application of this material in the DNA sensor assembly. Th e elec-
tropolymerization of thionine is performed in the pH range from 6 to 8 
[288]. Th e position of redox peaks corresponding to the polymer conver-
sion shift  with the pH value to higher cathodic potentials.

Th e 40-mer DNA probe was covalently attached to the polymer via 
terminal phosphate group. Th e hybridization was monitoring by intrinsic 
redox activity of polythionine measured by DPV. A clear decrease in the 
reversible peak current was observed in hybridization due to suppression 
of the rearrangement of the polymer chains required for electron transfer. 
Th e LOD of 1.0×10–10 M was reported for complementary target.

Polythionine amplifi es the signals of guanine and adenine oxidation 
[289]. For this purpose, CNTs/Au nanoparticles suspension was fi rst 
casted on glassy carbon electrode from DMF. Aft er that, thionine was elec-
tropolymerized from aqueous solution. Th e oxidation of nucleotides can 
be performed in DPV mode either individually or simultaneously by their 
oxidation peaks recorded at 0.6 and 0.9 V. Th e analytical applications of the 
method involve the detection of individual nucleotides (LOD about 1 nM) 



160 Advanced Bioelectronic Materials

and estimation of their ratio for ds-DNA samples aft er their digestion with 
concentrated HCl.

Among phenothiazines, methylene blue and methylene green have 
found predominant attention in the DNA sensor development due to high 
electrochemical activity and intercalator properties. Electropolymerized 
methylene blue and methylene green were used for the detection of spe-
cifi c anti-DNA antibodies [290]. Contrary to PANI, the antibody binding 
to DNA in phenothiazine matrix is not complicated by the pH sensitivity 
of the redox activity. Th is simplifi es measurement and increases the sen-
sitivity toward the analyte molecules. Th e same protocol was used for the 
detection of thrombin with aptamer introduced in the biosensor assem-
bly instead of ds-DNA. In both cases, the electropolymerization was per-
formed by potential cycling and the stationary potential or charge transfer 
resistance were measured prior to and aft er the contact of the DNA sensor 
with an analyte solution. For thrombin, the LOD of 1 nM was obtained. 
Th e aptasensors based on polymeric phenothiazines show high sensitivity 
and are less aff ected by serum proteins than other electrochemical DNA 
sensors especially based on gold electrodes. Th is was confi rmed by com-
parative investigation of the response toward serum albumin and direct 
measurements in spiked serum samples.

Th e impedimetric aptasensors have been developed for the detection 
of thrombin. Th e aptamer was immobilized onto the poly(methylene 
blue) layer by avidin-biotin binding [291]. Electropolymerization was 
performed on the glassy carbon electrode covered with MWCNTs. Th e 
interaction of the aptamer with thrombin resulted in an increase of the 
charge transfer resistance and decrease of the capacity of the surface layer. 
Aptasensors developed determine thrombin in the concentration range 1 
nM–1 μM with the LOD of 0.7 nM (monitoring resistance changes) and 
0.5 nM (capacitance changes).

Poly(neutral red) was employed as a metric for immobilization of Au 
nanoparticles with the thiolated 26-mer DNA probes attached. Th e hybridiza-
tion event was recorded by the changes in the reduction peak at –0.078 V which 
decreased with the concentration of complementary sequence. Th e LOD of 
4×10–12 M was obtained. It should be noted that the peak used for hybridiza-
tion indication is not referred to polymeric dye in accordance with other works 
[38, 292]. Probably, some other products of oligomerization and/or oxidative 
destruction of the monomer can be responsible for such a response.

Eriochorome Black T (4.31) was electropolymerized on glassy carbon 
electrode and used for both electron transduction and covalent immobili-
zation of DNA probe via sulfanilamide bond [293].
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(4.31)

Th e 18-mer DNA oligonucleotide related to Caulifl ower mosaic virus 
gene was detected by changes in redox activity of diff usionally free meth-
ylene blue added to the solution aft er hybridization. Th e concentration 
range from 5.0 fM to 5.0 pM (LOD 0.11 fM) was attained.

Th e use of dendrimers in DNA sensor assembly is described in sev-
eral works. Th us, metallodendrimer with Co salicylaldimine was used for 
hybridization detection by decrease of the Co signal in SWV mode and 
charge transfer increase in EIS measurement [294]. Besides cobalt, hydra-
zine covalently attached to PAMAM (4 generations) can be oxidized for 
the same purpose [295]. Ferrocene-modifi ed PAMAM was applied for 
detection of PNA–DNA interactions on Au electrode covered with self-
assembled monolayer of 6-mercapto-1-hexanol [296]. High sensitivity was 
reached with impedimetric sensors. DNA sensors with PPI dendrimer 
(1–3 generations) modifi ed with Ni complex (4.32) exerted reversible 
redox behavior with charge transfer resistance decreased with hybridiza-
tion event.

  

(4.32)
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4.6 Conclusion

Summarizing the results obtained in the review area, three approaches 
to the use of redox-active polymeric materials in the biosensors can be 
specifi ed:

• redox-active polymers as a tool for the biomolecule immobi-
lization and their wiring;

• polymeric mediators for the enzyme/DNA wiring;
• new ways for the signal generation based on own electro-

chemical activity.

Electrosynthesis provides simple and cost-eff ective route to the direct 
control of the polymer growth and variation of the content of the bio-
recognition layer. Th e impact of electropolymerizations is pronounced for 
microsensors and planar electrodes (electrode arrays). For this reason, the 
use of PPY for the biochip development was described even earlier than 
that for macro systems including enzyme sensors. Chemical synthesis has 
found some applications for the monomers insoluble in water to avoid the 
contact of biomolecules with aggressive media (strong acids, organic sol-
vents, high voltage). Th is is especially true for PANI which performance 
is preferable in acidic media. Meanwhile, the use of pulse technique and 
modifi cation of monomers with hydrophilic substituents extends the 
opportunities of electrosynthesis.

Th e application of redox-active polymers as mediators is mostly based 
on the experience of successful use of the structurally relative low-molec-
ular compounds in the assembly of enzyme and DNA sensors. Th e use of 
phenothiazine dyes, especially methylene blue, is one of the most evident 
examples. Th is dye has found broad application as one of the best electro-
chemically active intercalators and mediators for NADH and H

2
O

2
 oxida-

tion in the appropriate biosensors. Neutral red is one of the best mediators 
for NADH oxidation. Even in the case when the redox-active substituents 
do not interact with each other, polymeric support be it PPY, polythio-
phene or polyvinyl alcohol, simplifi es the implementation of mediators in 
biosensor assembly and improves operational and analytical characteris-
tics over those of diff usionally free mediators due to higher regularity and 
reproducibility of the surface layer.

Th e composites of redox-active polymers with metal nanopar-
ticles and CNTs additionally improve the electric wiring of the pro-
teins/oligonucleotides with the electrodes and hence reversibility of 
redox reactions aff ected by biorecognition events. In some cases, it 
is rather diffi  cult to distinguish the real function of nanoparticles 
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which can either promote the electron transduction or act as bio-
molecule support with increased density of the binding site against 
unmodifi ed analogs.

PPY and polythiophene derivative and to a lesser extent PANI make it 
possible to rely on their own redox activity as detection signal. Even though 
the sensitivity of such sensors can be below that observed with mediated 
systems, this is compensated for by simpler one-step assembling and short 
response.

Regarding immunosensors, the progress in their development is still the 
subject of immunochemistry and is related to new immunoreagents discov-
ered and applied in appropriate biosensors. Th e mechanism of detection of 
Ag–Ab interaction either involves the detection of electrochemically active 
labels like enzymes, ferrocene or metal nanoparticles or changes in acces-
sibility of the electrode for redox markers like ferricyanide ions or HQ. Th e 
functions of redox-active polymers are mainly related to immobilization 
and spatial orientation of Abs on the electrode surface.

Th e following progress in the development of the redox-active materials 
for biosensors can be related to the molecular imprinting techniques which 
improve the performance of electrochemical sensors by mimicking multi-
point interactions on the electrode surface. Th ere are only few examples 
of such approach regarding biosensors. In addition to the biorecognition, 
molecular imprinting can improve the positioning of DNA probe or pro-
teins on the carrier without additional eff orts [297, 298].
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Abstract
Graphene, which is a single layer of carbon atoms organized in a closely packed 

honeycomb two-dimensional lattice, has attracted great attention since its discov-

ery in 2004 because of its unique nanostructure and extraordinary physicochemi-

cal properties, such as high surface area, excellent conductivity, high mechanical 

strength, and ease of functionalization and mass production. Incorporation of 

metal and metal oxide into the graphene sheets signifi cantly improves the 

aforesaid properties. Th is chapter selectively compiles the recent advances in 

graphene-based nanocomposite for electrochemical biosensors toward detec-

tion of biologically important molecules, such as glucose, nicotinamide adenine 

dinucleotide (NADH), nitric oxide (NO), and hydrogen peroxide (H
2
O

2
).

Keywords: Graphene, nanocomposites, electrochemical sensors, biosensors, 

biomolecules

5.1 Introduction

Biomolecules can be defi ned as an organic compound composed of two or 
more atoms bonded together that occurred naturally in living organisms. 
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Most of the biomolecules are made up from basic element of atom such 
as oxygen, hydrogen, carbon, and nitrogen that acts as chemical building 
blocks of living organisms. Th ese fundamental elements can be combined 
in diff erent ways which next determine the types of organic compound 
formed. Basically, biomolecules can be divided into four major classes that 
are proteins, nucleic acids, carbohydrates, and lipids (Figure 5.1). Th e most 
abundant molecules in the living organism are called protein. It composed 
of subunits called amino acids which formed from the element of carbon, 
hydrogen, nitrogen, and oxygen. Th ese amino acids attached to each other 
in long chain to create unique three-dimensional structures which have its 
own function in the body. In general, proteins contribute to the structural 
and support for cells, defense the body from germs, and viruses and also 
involved in the transporting the chemical reaction happens in the cells. 
Hormones, antibodies, and enzymes are some of the examples of proteins. 
Other than protein, carbohydrate also has a signifi cant impact in biological 
system because it is the key intermediates of metabolism which not only 
provide energy to the body but also help to transport and store the energy. 
Some examples of carbohydrate are glucose, sucrose, maltose, starch, and 
cellulose.

Major sources of energy for most cells of the body including brain are 
come from glucose which also known as blood sugar because it is a free 
sugar that circulates in blood. Th is energy is important and it helps the cells 
to execute nerve cell conduction, muscle cell contraction, and the produc-
tion of chemical substances. Even though glucose is important biomolecule 
in human body, the level of glucose must be controlled because higher than 

Proteins Lipids

Biomolecules

Nucleic acids Carbohydrates

Figure 5.1 Four major classes of biomolecules.
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normal glucose levels may cause diabetes and lower than normal glucose 
levels may cause hypoglycemia and other eff ects. Other biomolecules that 
is important in living organism is nitric oxide (NO) which is a hydropho-
bic, highly labile-free radical that is naturally produced within the body. It 
plays a vital role in a wide range of biological and cellular functions. NO 
is used for communication between cells and is involved in the regulation 
of blood pressure, the immune response, platelet aggregation and clotting, 
neurotransmission, and possibly respiration [1, 2]. Abnormal NO produc-
tion and bioavailability may cause several diseases such as obesity, diabetes 
(both types I and II), atherosclerosis, hypertension, and heart failure [3, 4]. 
Th us, the development of a sensor for the precise and selective measure-
ment of NO at the low-level characteristic of living systems can make a 
great contribution to disease diagnosis.

Hydrogen peroxide (H
2
O

2
) and nicotinamide adenine dinucleotide 

(NADH) are other examples of biomolecules that bring benefi cial to 
human body. Both biomolecules are by-product in a variety of enzymatic 
reactions. H

2
O

2 
which produced by a sub-class of white blood cells called 

neutrophils acts as a fi rst line of defense against toxins, parasites, bacteria, 
viruses, and yeast. H

2
O

2
 also plays a role in the regulation of renal function 

and as an antibacterial agent in the urine [5]. In addition, high concen-
trations of H

2
O

2
 generated in blood plasma could give a negative eff ect 

on human health, and it also constitutes a pathogenic factor in vascular 
organ damage attendant upon systemic hypertension [6]. On the other 
hand, NADH is a natural chemical produced in the body and involved in 
the chemical process such as energy generation. NADH is a kind of coen-
zyme which enhances or is necessary for the action of all enzymes in the 
body. Besides that, it also helps to protect the liver from alcohol damage, 
enhances a person’s memory and immune system. NADH also frequently 
used to treating high blood pressure and high cholesterol. NADH levels 
are crucial to monitored because it acts as a sensor that regulates the activ-
ity of certain genes and enzymatic reaction; therefore, the abnormal level 
of NADH may give a sign of failure certain activity to occurred and have 
numerous detrimental eff ects to the human body.

As mentioned, biomolecules are essential for life because it plays an 
important role in almost every aspect of organism, including as a source 
of energy and energy storage. Every living organism only required a cer-
tain level of biomolecules contents to ensure that every parts of the liv-
ing system would operate at their optimum level. Th erefore, the content of 
biomolecules in the living organism especially in human body should be 
monitored because it would bring an adverse eff ect on the body’s systems 
such as metabolic disorder, thus cause of many diseases. Even though there 
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are many techniques reported can be used to detect biomolecules such as 
chemiluminescence [7], paramagnetic resonance spectrometry [8], para-
magnetic resonance imaging spectrophotometry [9], and bioassay [10], all 
these methods required high cost, diffi  cult to operate, and have low sensi-
tivity. Strong demand to create a sensing technique which provides a rapid 
response and sensitivity, ease of use, and low cost led to the discovery of 
an electrochemical technique for the detection of biomolecules. One of the 
advantages of electrochemical sensors is that it has an excellent repeatabil-
ity and accuracy as well as a wide linear response range with low detection 
limits and real time measurements. Th erefore, a number of recent reports 
specifi cally used by electrochemical technique for biomolecules sensing.

Owing to the intense research activity in this fi eld, a few types of material 
based on graphene have discovered and they showed a great performance 
as a biosensor such as functionalized graphene, graphene/metal oxide, gra-
phene/metal composites, and graphene/polymer composites. Th ese mate-
rials show an improvement in the sensitivity, selectivity, and accuracy of 
the biosensor which is the vital criteria for sensor to meet the future needs. 
In this chapter, an overview of graphene-based materials as a biosensor 
is provided where we are focusing on four biomolecules that are glucose, 
NO, NADH, and H

2
O

2
. Th e selection of graphene as the main material in 

the biosensor application is driven by its unique properties which will be 
discussed in the following section.

5.2 Graphene

In 1859, Brodie [11] had unintentionally discovered a method to prepare 
a material so-called graphitic acid. It is called so because it is insoluble in 
acids and saline solution but dispersed well in pure water and alkalines. 
His method is based on the ideas of graphite undergo an oxidation pro-
cess by treating it with a strong acidic mixture containing potassium chlo-
rate and fuming nitric acid. At fi rst, Brodie had done several experiments 
toward graphite as he was keen to study the structure of graphite. From 
the fi rst attempt of oxidizing the graphite, he found that (i) the fi nal sub-
stance form as a peculiar compound of carbon with its weight larger than 
that graphite and (ii) the fi nal substance changed to light yellow color sub-
stance composed of transparent plates aft er fourth or fi ft h times of treat-
ments. Following experiments had changed his initial interest from study 
the structure to molecular formula of graphite and its discrete molecular 
weight. His investigation has revealed that (i) the obtained product con-
sists of mainly carbon, hydrogen and oxygen with a net molecular formula 
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of C
2.19

H
0.80

O
1.00

,
 
(ii) the atomic weight of graphite is 33, and (iii) carbon in 

the form of graphite functions as a distinct element where it forms a dis-
tinctive system of combination [11]. Brodie fi nally named this substance 
as graphon, and thus becomes the starting point that led to the current 
research of graphene.

Over the past decades, an atom-thick layer of crystalline carbon arranges 
in a honeycomb lattice known as graphene has attracted enormous inter-
est due to its remarkable physical and electrical properties that hold great 
promise for future applications. In the year of 2010, Geim and Novoselov, 
physicists from the University of Manchester had won the Nobel Prize in 
Physics for groundbreaking experiments in discovering the two-dimen-
sional (2-D) material named graphene [12]. Based on this experiment, 
graphite fl akes used as the starting materials for producing few layer gra-
phene before peel off  to isolating the graphene layers from bulk graphite 
using scotch tape. Th is process is called micromechanical cleavage method 
which is one of the earlier methods that able to produce graphene with mil-
limeter in size. Graphene has known as a member of the carbon family that 
composed of sp2-bonded carbon atoms arranged in a 2-D honeycomb lat-
tice. Th is honeycomb structure has a d-spacing of about 0.34 nm, making 
it the thinnest material in the world so far. Graphene consists of one layer 
of carbon atom that can be wrapped up into zero-dimensional buckyballs, 
rolled into one-dimensional nanotube or stacked into three-dimensional 
graphite (Figure 5.2). Besides that, graphene exhibits a semimetal behavior 
proven by the existence of a small overlap between valence and conduction 
bands in graphene.

2D: Graphene

Fullerenes / buckyballs

Carbon nano tubes

3D: Graphite

Figure 5.2 Th e form of graphene: zero-dimensional buckyballs, one-dimensional 

nanotube, and three-dimensional stacked graphite (http://evworld.com/article.

cfm?storyid=1950).
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Since this discovery, the journey of graphene has begins. At fi rst, 
researchers are interested in fi nding the best method for the synthesis of 
single-layer graphene and till date several methods had been reported to 
prepare graphene such as chemical vapor deposition (CVD) [13], rapid 
thermal reduction [14], and others. Aft er that, this graphene sheets is 
hybridized with other polymers [15], metal [16], and metal oxide [17] as 
they believed that by anchoring these materials on the graphene sheet can 
enhance its properties as an interesting material to be applied in a wide 
fi eld of application (Figure 5.3). Unfortunately, graphene has the hydro-
phobic properties toward water and other organic and inorganic solvents 
which limit its application. Graphene sheets tend to form irreversible 
agglomerates and even restocked to form graphite via van der Waal’s inter-
action. Th is issue drives the researchers to manipulate graphene properties 
by introducing new functional groups on the surface of graphene sheets. 
Functionalized graphene with hydrophilic groups was then used to pre-
pare nanocomposites with other materials [18].

However, graphene produced by typical physical and chemical routes 
including micromechanical cleavage, reduction of exfoliated graphene 
oxide [22], and solvothermal synthesis [23] are generally micrometer-sized 
graphene sheets, which limits their direct application in nanodevices. To 
facilitate the application of graphene in nanodevices and eff ectively tune 
the band-gap of graphene, a promising approach is to convert the 2-D 
graphene sheets into zero-dimensional graphene quantum dots (GQDs). 
Th eoretical and experimental studies have shown that GQDs possess 
strong quantum confi nement and edge eff ects when their sizes are down 
to 100 nm (Figure 5.4). If their sizes are reduced to 10 nm, comparable 
with the widths of semiconducting graphene nanoribbons, the two eff ects 
will become more pronounced and hence induce novel physical properties. 
Other than that, GQDs have generated enormous excitement because of 
their superiority in chemical inertness, biocompatibility, and low toxicity. 

4 m 500 nm
100 nm

Figure 5.3 SEM images of (a) graphene/CuO nanocomposite [19], (b) graphene/Ag 

nanocomposite [20], and (c) graphene/PANI composite [21].
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Besides GQDs consisting of a single atomic layer of nano-sized graphite 
have the excellent performances of graphene, such as high surface area, 
large diameter, and better surface graft ing using π–π conjugation and sur-
face groups.

5.3 Synthetic Methods for Graphene

Recently, there are many experimental methods that had been reported to 
fabricate single-layer graphene sheet. Each of these methods is evaluated 
based on the diff erent requirements needed by the researcher. Th e most 
important aspect emphasized by the researchers is the quality in term of 
the purity of the graphene which defi ned by the numbers of defects and 
degree of oxidation of graphene. Lack in the number of intrinsic defects 
and higher in the degree of oxidation will lead to the outstanding proper-
ties of graphene. Th e aspect of the number and size of the layers obtained 
which each of the methods that have been reported is intended to pro-
duce multi- or single layer of graphene with diff erent size of surface area. 
Besides that, the amount of graphene that can be produced is another 
crucial aspect that needs to be take note as most of the methods demon-
strated have a low productivity, which makes it unsuitable for large-scale 
use. Other than that, the complexity also plays an important role in the 
choosing the best method for production of graphene as method that pos-
sess complicated designed machines will wasted researcher time and cost. 
Complicated method with lack of controllability also will lead to the less 
reproducible results that can achieved so the ability to control is another 
aspect that cause the diff erence exist between each method.

In general, the production of graphene can be approached in two ways 
named top-down and bottom-up approach (Figure 5.5). For top-down 
approach, the process involves breaking down the macroscopic struc-
tures which are the graphite into microscopic structural material that is 

10 nm 5 nm

Figure 5.4 High-resolution transmission elecrtron microscopy (HRTEM) images of 

GQDs [24].
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the single-layer graphene. Th ere are two types of method that used in the 
top-down approaches that are micromechanical exfoliation of graphite 
(which also known as the scotch tape or peel off  method) and also includ-
ing the ultrasonication method. Wang et al. reported a way to synthesize 
a stable high-concentration suspensions of non-oxidized few layers of gra-
phene with micrometer long edges by tip ultrasonication where graphite 
fl akes are directly exfoliate in ionic liquids, such as 1-butyl-3-methyl-
imidazolium bis(trifl uoro-methane-sulfonyl)imide([Bmim]-[Tf2N]) [25]. 
Another type is the creation of colloidal suspensions from graphite oxide 
or GO. In order to form graphene, these GOs will undergo reduction 
through chemically or thermally, and currently by microwave assisted [26].

Another approach is the bottom-up approach where graphene is 
obtained from a carbon material as the precursor which can be grown 
directly on the substrate surface. Th e bottom-up approach is divided into 
two parts that are by CVD of hydrocarbon and by epitaxial growth on elec-
trically insulating surfaces such as silicon carbide (SiC). Th e CVD pro-
cess involved the exposure of a substrate to a gaseous compound where 
then decomposes on the surface in order to grow a thin fi lm, whereas the 
by-products was evaporated (Figure 5.6). Th is can be achieved either by 
heating the sample with a fi lament or with plasma. Wang and co-workers 
had successfully synthesized a large scale of substrate free graphene via the 
CVD of methane over cobalt supported on magnesium oxides at 1000 °C 
in a gas fl ow of argon [27]. Th ey found the presence of localized sp3 defects 
within the sp2 carbon network and small sp2 domains in the few-layered 
graphene particles obtained from this method. Meanwhile, Sprinkle et al. 

Top-down approach

(from graphite)

Bottom-up approach

(from carbon

precursors)

Graphene

Micromechanical

exfoliation of

graphite (Scotch tape

or peel-off method)

Creation of colloidal

suspensions from

graphite / graphene

oxide

Chemical vapour

deposition (CVD)

of hydrocarbon

Epitaxial growth on

electrically insulating

surfaces such as SiC

Figure 5.5 Various synthetic methods for graphene.
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had demonstrated a way to produce the graphene nanoribbons with self-
organized growth on a template SiC substrate using scalable photolithog-
raphy and microelectronics processing [28].

5.4 Properties of Graphene

Recently, graphene has attracted much attention due to its unique prop-
erties, which make it as an outstanding material that having a profound 
impact in many areas of science and technology. It is well known that gra-
phene is built up from the sp2-bonded carbon atoms that arranged in the 
2-D honeycomb crystal lattices. Th e carbon atoms bonded in sp2 bonding 
will bind to three neighbors (Figure 5.7), which also known as trigonal 
hybridization forming planar structures of graphene. Each carbon atom 
in the lattice has a π orbital that contributes to a delocalized network of 
electrons.

Th e C–C covalent bond is one of the strongest bond in nature and well 
known of its basic constitution of the graphite lattice. Graphene has an 
excellent mechanical property with a high Young’s modulus of almost 1 
TPa [30] due to the atoms that have covalently locked in place by the C–C 
bond. Besides that, it also possesses a high mobility of charge carriers of up 
to 20,000 m2 V–1 s–1 at room temperature [31] due to its extensive 2-D π–π 
conjugation net and also has a high specifi c surface area of up to 2600 m2 
g–1 [32]. Moreover, graphene possess extraordinary properties including 
the electronic properties and electron transport capabilities, and excellent 

Valve

CH4

H2

Quartz tube

Gas in

Sample

Gas out

Quartz plate

Rail

Furnace

Furnace

MFCAr

Figure 5.6 Schematic of the CVD setup for the fabrication of graphene fi lms [29].



198 Advanced Bioelectronic Materials

thermal and electrical conductivity as a consequence of its structure. Some 
of the extraordinary properties of graphene are summarized in Table 5.1. 
Th ese fascinating properties render graphene as a promising candidate for 
application in electronic devices such as transistor [39] and solar cell [40]. 
Moreover, it is ensured that graphene is an ideal 2-D catalyst support to 
anchor metal and semiconductor catalyst nanoparticles, off ering versatile 
selective catalytic or sensing performances.

 Bond

 Orbital

Figure 5.7 Th e sp2-hybridized orbitals between the carbon atoms and the π bonds.

Table 5.1 Th e summary of the properties of graphene.

Property Value Ref.

Structural

Surface area

Crystal structure

1256 m2/g

2-D hexagonal

[33]

[34]

Electrical

Electron mobility

Electrical conductivity

> 200,000 cm2 V −1 s−1

in the order of 102 S/cm (R
s
 < 1 kΩ/square)

[35]

[36]

Optical

Optical transmittance

Band-gap

80% in 400–1800 nm wavelength range

0–250 meV (tunable)

[36]

[37]

Mechanical

Young’s modulus

Fracture strength

1.1 TPa

10 GPa

[30]

[38]
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Figure 5.8 Multi-functional application of graphene.

5.5 Multi-functional Applications of Graphene

Due to the remarkable physicochemical properties, graphene off ers great 
potential in various fi elds of applications ever since its discovery in 2004. 
Th ese unique physicochemical properties suggest it has great potential for 
providing new approaches and critical improvements and it showed multi-
functional applications (Figure 5.8). For example, the high surface area 
of electrically conductive graphene sheets can give rise to high densities 
of attached analyte molecules. Th is in turn can facilitate high sensitivity 
and device miniaturization in biosensor application. Kang and co-work-
ers have found that graphene-modifi ed glassy carbon electrodes (GCEs) 
showed an excellent electrocatalytic activity toward the reduction and oxi-
dation of paracetamol. Th is modifi ed electrode also shows high sensitivity 
and selectivity for detecting paracetamol in commercial tablets and plasma 
samples [41].

Besides that, graphene also shows a great performance as a catalyst sup-
port due to its high surface area that helps to enhance the adsorption and 
desorption of reactants. Zhao et al. have successfully fabricate graphene/
TiO

2
 composites with a high-performance visible-light photocatalyst, thus 

shows a great potential in the application of photocatalytic degradation 
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of organic compounds [42]. Moreover, the high speed at which electrons 
in graphene move and facile electron transfer opens up opportunities for 
built-up higher-frequency transistors [43], solar cell [44], and many more. 
Other than that, graphene could also be used to make lithium-ion battery 
that are rechargeable faster than before due to the presence of defects in the 
graphene sheet that provide pathways for the lithium ions to attach to the 
anode substrate [45].

5.6 Electrochemical Sensor

In medical, biological, and biotechnological, the quantitative measurement 
of biomolecules is of utmost importance because it helps to detecting the 
abnormal level of biomolecules contents, hence could prevent and diag-
nosis the disease in the initial stage. In the past decades, several sensing 
t echniques and devices that directly connect to a biological environment 
for detecting biomolecules have been developed such as laser-induced 
native fl uorescence and high-performance liquid chromatography-mass 
spectrometry. Basically, the idea of biosensor is to convert the biologi-
cal information to a processed electronic signal through complex circuit. 
Th erefore, most of biosensors require a high cost and larger in size which is 
not convenient to handle. Besides that, it also has a low sensitivity toward 
specifi c biomolecules. Hence, electrochemical sensor has been actively 
introduced in the biosensor due to its low cost and exhibits higher level of 
sensitivity and selectivity.

An electrochemical biosensor is a device that has been used to measure 
the concentration of biomolecule due to the direct transforms of electro-
chemical information produced by biochemical mechanism into an ana-
lytically useful signal. Electrochemical biosensor has a series of advantages 
such as high sensitivity and selectivity toward electroactive species, fast 
and accurate response, and most importantly it is portable and inexpensive 
compared to other existing biosensor. Besides that, it also off ers advan-
tages of wide linear response range and good stability and reproducibility. 
Th ere are two basic components of an electrochemical sensor which work 
together as a working or sensing electrode that are a chemical recognition 
system and physicochemical transducer. Other than working electrode, 
reference and counter electrodes are also required in this sensor where 
next enclosed in the sensor housing in contact with a liquid electrolyte and 
biomolecules.

In order to acts as biosensor, the recognition layers will interaction with 
the target biomolecules and the physicochemical transducer will trans-
lates the bio-recognition event into a useful electrical signal which can be 
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detected by electrical instrumentation. Amperometry, cyclic voltammetry, 
and potentiometry are some of the examples of electrical signal resulted 
from the transduction of biological signal. Th e surface architectures which 
link the sensing element with the biological samples play an important role 
in determining the performance of electrochemical sensor. Th e sensitivity 
of the sensor will be aff ected based on the surface modifi cation techniques, 
electrochemical transduction mechanisms, and the choice of the recogni-
tion receptor molecules. Th e general electrochemical biomolecule sensor 
setup is shown in Figure 5.9.

5.7  Graphene as Promising Materials for 
Electrochemical Biosensors

5.7.1 Graphene-Based Modifi ed Electrode for Glucose Sensors

Glucose is a simple sugar that most commonly found in human body espe-
cially in blood, which play a vital role as an energy source in metabolism. 
It can be produced by proteins, fats, and carbohydrates. Glucose provides 
energy to all cells in the body through the bloodstream; hence, it is known 
as blood glucose. Blood glucose levels need to be controlled because high 
concentration of glucose in the blood causes multiple health problems 
associated with diabetes such as cardiovascular diseases. Th us, researchers 
have taken great eff ort to develop a sensor to measure the glucose content 

Data

analysis

R
e

fe
re

n
ce

e
le

ct
ro

d
e

C
o

u
n

te
r

e
le

ct
ro

d
e

W
o

rk
in

g
 e

le
ct

ro
d

e

G
C

 m
o

d
ifi

e
d

 e
le

ct
ro

d
e

P
la

ti
n

u
m

 w
ir

e
 e

le
ct

ro
d

e

A
g

/A
g

C
l e

le
ct

ro
d

e

Figure 5.9 Operation design for electrochemical sensor.
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in body with graphene-based materials, with high sensitivity, reliable, 
rapid, and low-cost fabrication.

Th e electrochemical method is most commonly used technique for glu-
cose measurements. Researchers have proven that graphene-based materi-
als are promising for glucose sensors that can be modifi ed with GCE. Metal 
oxides such as copper oxide (CuO), zinc oxide (ZnO), and iron oxide 
(Fe

2
O

3
) have widely been used to anchoring on the graphene sheets, aiming 

to fi nd novel properties in the composites and their uses in glucose sensors. 
Hsu et al. has constructed a glucose biosensors based on CuO/graphene 
nanocomposite [46]. Th e CuO/graphene nanocomposite was synthesized 
using simple heating and annealing techniques, and the powder of this 
nanocomposite was dissolved in the solution of ethanol–water and used 
for electrode fabrication with bare GCE. Th e CuO/graphene/GCE shows 
a great sensor performance against glucose lower detection limit of 1 μM 
with the aid of chronoamperometry. Lu et al. have developed a graphene/
palladium nanoparticles (PdNPs) modifi ed electrode for the electrochemi-
cal glucose biosensor [47]. It is believed that the well-distributed PdNPs on 
the surface of graphene helps to increase the electrocatalytic activity due 
to the increase of active sites for the catalytic redox reaction thus increase 
the sensitivity of glucose sensor. Graphene–polymer composites and func-
tionalized graphene are common materials used in glucose biosensor and 
give a good sensing response. Yang et al. had synthesized nanocompos-
ites of chitosan/reduced graphene oxide/nickel nanoparticles (CS-RGO–
NiNPs) onto a screen-printed electrode (SPE) [48]. Th is CS-RGO–NiNPs 
composite facilitated electron transfers and possesses high electrocatalytic 
activity for glucose sensing which led to the outstanding performance for 
enzymeless glucose sensing in alkaline media. Th e schematic diagram of 
the electrodeposition processes of CS-RGO–NiNPs on SPE surface and the 
glucose detecting mechanism is shown in Figure 5.10. Meanwhile, Kwak 
and co-workers have used other than modifi ed electrode to detect glucose, 
where they fabricate graphene-based fi eld-eff ect transistor (FET) sensor 
using CVD method for the detection of glucose [49]. Th is sensor could 
detect glucose levels in the range of 3.3–10.9 M. Th is could be another 
promising technique to construct glucose sensor with wide detection range 
and low detection limit. Table 5.2 displays the performance of glucose sen-
sor from diff erent modifi ed electrodes reported in literature.

5.7.2 Graphene-Based Modifi ed Electrode for NADH Sensors

NADH and its oxidized form NAD+ are an important coenzyme involved 
in metabolic processes and enzymatic reactions. Besides that, researchers 
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have intensively studying the electrochemical oxidation NADH due to the 
potential application in NAD+/NADH-dependent dehydrogenase-based 
biosensors [62]. Guo et al. have fabricated a NADH biosensor based on 
graphene sheets-modifi ed electrode which has been synthesized using 
Staudenmaier method before being reduced by hydrazine solution [63]. 
Th e graphene-modifi ed electrode performed a response time less than 
10 sec based on the current–time response curves. Th is result indicates a 
fast process and well catalytic oxidation of NADH by graphene-modifi ed 
electrode. In another case, a novel electrode system, based on graphene 
nanosheets-modifi ed glassy carbon electrode (GNS/GC), has been pro-
posed as an electrochemical sensing platform for NADH as reported by 
Keeley et al. [64]. In this study, graphene has been produced from liquid-
phase exfoliation process. Th e detection limit for NADH at the GNS/GC 
electrode was calculated to be 1.4 μM with a sensitivity of 22.3 mAM–1.

Moreover, the incorporation of metal nanoparticles into graphene 
materials can further benefi t NADH electrochemical biosensors. Li and 
co-workers report that the graphene hybrid with Au NRs has showed an 
excellent performance toward NADH oxidation, with a LOD of 6 μM 
[65]. Besides that, the GN–AuNRs-modifi ed electrode also exhibited high 
selectivity toward NADH with the interference of UA, AA, and Glu. On 
the other hands, graphene–polymer composites also have shown a great 
potential in NADH sensing application. Li et al. reported the preparation 

Figure 5.10 Th e schematic diagram of the electrodeposition processes of CS-RGO–

NiNPs on SPE surface and glucose detection mechanism [48].
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Table 5.2 Comparison of the sensing characteristics of glucose sensors with 

graphene-based modifi ed electrodes reported in the literature.

Electrode Detection 

limit

Sensitivity Linear range Ref.

Cu2O/G/GC 3.3 μM 0.285 μA cm–2 μM–1 0.3–3.3 μM [50]

CuO/G/SPC 34.3 nM 2367 μA cm–2 μM–1 0.122 μM–0.5 μM [51]

GOD/Co3O4/G/GC 0.05 μM 13.52 μA cm–2 μM–1 0.5–16.5 μM [52]

NiO/G/GC 1 μM 1571 μA cm–2 μM–1 5 μM–2.8 μM [53]

GOD/rGO-Au/GC 10 μM 0.835 μA μM–1 1–8 μM [54]

Cu NPs/G/GC 0.5 μM – 0.5 μM–4.5 μM [55]

Pd NPs/G/Nf/GC 1 μM – 10 μM–5 μM [47]

PdCu/G/GC 20 μM 48 μA mg–1 μM–1 1–18 μM [56]

GOD/CS/G/GC 0.02 μM 37.93 μA cm–2 μM–1 0.08–12 μM [57]

GOD/AuNPs/PPy/

rGO/CS

– 123.8 μA cm–2 μM–1 0.2–1.2 μM [58]

GOD/PBBIns/G/Au – 143.5 μA cm–2 μM–1 10 μM–10 μM [59]

GOD/IL-RGO/

S-RGO/Nf/GC

3.33 μM – 10–500 μM [60]

GOD/PDDA-G/GC 8 μM 154.9 μA cm–2 μM–1 0.02–1.8 μM [61]

Abbreviation: GC: glassy carbon; SPC: screen-printed carbon; GOD: glucose oxidase; Nf: 

nafi on; PBBIns: nanostructured poly(N-butyl benzimidazole); CS: chitosan; {IL-RGO/S-

RGO}
n
: layer-by-layer self-assembling of amine-terminated ionic liquid-sulfonic acid-func-

tionalized graphene; PDDA: poly(diallyldimethylammonium chloride).

of a NADH sensor based on electrochemically reduced graphene oxide/
polythionine (ERGO/PTH) deposited on GCE [66]. Th e synergistic cat-
alytic eff ect of graphene and PTH polymer is believed helps to improve 
the electrocatalytic characteristic toward the oxidation of NADH, thus 
enhanced the sensitivity. Table 5.3 displays the comparison of the sensing 
characteristics of NADH sensors with other modifi ed electrodes reported 
in the literature.

5.7.3 Graphene-Based Modifi ed Electrode for NO Sensors

NO is known to be one of the important biological messenger and signal-
ing functions in human body. Monitoring the level of NO concentration 
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in the body is crucial for disease diagnosis and early prevention from mal-
function of our body system. Graphene-based is reported to be an excellent 
electrode material for electrochemical NO sensors due to their principally 
advantageous properties including wide potential windows, fairly inert 
electrochemistry, and excellent electrocatalytic activities. Using an elec-
trochemical deposition technique, Wang and co-workers have fabricated a 
reduced graphene-modifi ed GC electrode for NO detection [68]. Based on 
the amperometric results, the modifi ed electrode exhibited a wider linear 
range (from 0.72 to 78.4 μM), a lower limit of detection (0.2 μM), and a 
higher sensitivity (299.1 μA M−1). Highly conductive pathways for elec-
tron conduction provided by graphene have improved the electrode per-
formance in detecting NO.

Graphene/metal composite materials are also widely used in the fabrica-
tion of NO sensor especially graphene/gold nanoparticles nanocomposite. 
Ting et al. fabricated a NO sensor using a modifi ed GCE where they depos-
iting AuNPs on ERGO through electrochemical deposition technique [69]. 
Th e result shows that this modifi ed GCE exhibit LOD calculated as 133 nM 
due to the presence of AuNPs that act as an effi  cient electrocatalysts toward 
the oxidation of NO. Other than that, Jayabal et al. has successfully incor-
porating Au NRs with rGO which embedded in an amine-functionalized 
silicate sol–gel matrix [70]. Th is composite is used to modify the GCE for 
the detection of NO. Based on the experiment, they found that the modi-
fi ed electrode has higher selectivity toward NO and the detection did not 
interfered by the presence of common interferences such as glucose, urea, 

Table 5.3 Comparison of the sensing characteristics of NADH sensors with 

graphene-based modifi ed electrodes reported in the literature.

Electrode Detection 

limit (μM)

Sensitivity Linear range Ref.

G/GC 20 12.6 μA μM–1 0.05–1.4 μM [63]

GNS/GC 1.4 22.3 μA M–1 – [64]

rGO/GC 0.6 – 0–500 μM [67]

AuNPs/G/GC 6 10.27 μA cm–2 μM–1 20–160 μM [65]

ERGO/PTH/GC 0.1 143 μA cm–2 μM–1 0.01–3.9 μM [66]

Abbreviation: ADH: alcohol dehydrogenase; AuNPs: gold nanorods; GNS: graphene 

nanosheets; G: graphene; ERGO: electrochemically reduced graphene oxide; PTH: 

polythionine.
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oxalate, and NaCl. Besides that, this modifi ed electrode also exhibited low 
detection limit (6.5 nM) with a linear range from 10 to 140 nM. Th e sum-
mary of NO sensing properties of other modifi ed electrode is shown in 
Table 5.4.

5.7.4 Graphene-Based Modifi ed Electrode for H
2
O

2

A most important biomolecule hydrogen peroxide (H
2
O

2
) has been shown 

to be involved in regulation of renal function and as an antibacterial agent 
in the urine. It also acts as a sensor that warns the cell in the levels are too 
high as a sign of less white blood level in the body. Th erefore, the creation 
of a device that can detect the concentration of H

2
O

2
 is very important. 

A variety of graphene-based materials such as graphene–metal compos-
ite, graphene–metal oxide composite, graphene–polymer composite, and 
functionalized graphene have shown a great ability as an electrochemical 
biosensor for H

2
O

2 
sensing. Th e hybridization of graphene with metal or 

metal oxide nanoparticles will induce the synergic eff ect which leads to 
the improvement in conductivity, strengthen the stability and enhanced 
catalytic activity of the new nanocomposite material.

Gao et al. have reported a H
2
O

2
 sensor of Ni(OH)

2
/ERGO/MWCNT 

nanocomposites fabricated via convenient electrodeposition of Ni(OH)
2 

nanoparticles on ERGO/MWCNT fi lm-modifi ed GCE [71]. Th is Ni(OH)
2
/

ERGO/MWCNT-modifi ed electrode exhibits excellent sensing behav-
ior toward H

2
O

2
 with low detection limit of 4 μM and high sensitivity 

of 711  μA M−1  cm−2. In addition, Fang et al. developed the Fe
3
O

4
/self-

reduced graphene/GC-modifi ed electrode for sensitive non-enzymatic 
detection of H

2
O

2 
[72]. Th e interference from glutathione (GSH), Glu, 

AA, l-Cys, and UA were also been studied using amperometric technique. 
Th e result showed that the Ni(OH)

2
/ERGO/MWCNT-modifi ed electrode 

Table 5.4 Comparison of the sensing characteristics of NO sensors with 

graphene-based modifi ed electrodes reported in the literature.

Electrode Detection limit Sensitivity Linear range Ref.

ERG/GC 0.2 μM 299.1 μA μM–1 0.72–78.4 μM [68]

AuNPs/ERGO/GC 133 nM 5.38 μA cm–2 μM–1 – [69]

RGO/Au-TPDTNRs/GC 6.5 nM – 10–140 nM [70]

Abbreviation: ERG: electrochemically reduced graphene; ERGO: electrochemically reduced 

graphene oxide; AuNPs: gold nanoparticles; RGO/Au-TPDT NRs: reduced graphene oxide/

gold nanorods embedded in amine-functionalized silicate sol–gel matrix.
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has a high selective detection toward H
2
O

2
 as no interference occurred 

upon adding mentioned materials with low limit of detection of 0.17 μM 
(S/N = 3).

Meanwhile, due to the excellent properties owned by cadmium sulfi de 
(CdS) nanoparticles such as good biocompatible, conductive materials 
and could provide larger surface area and suffi  cient amount of binding 
points for biomolecules immobilization, Xiaoqiang and co-workers have 
constructed an enzyme-free biosensor for H

2
O

2 
based on CdS/rGO nano-

composites [73]. Th e amperometric response of CdS/rGO/GC-modifi ed 
electrode shows an increment upon addition of H

2
O

2
 and exhibits a limit 

of detection of 1.67 μM (S/N = 3) and a sensitivity of 95 μA cm–2 M–1. 
Th e incorporation of polymers like polypyrrole, polyaniline, chitosan, and 
nafi on into graphene materials can further benefi t electrochemical biosen-
sors. For example, ErhanZor et al. have used the enzymatic polymerization 
technique to entrapped nano-PPy into rGO using glucose oxidase in aque-
ous solution to construct a nano-PPy/rGO-modifi ed GCE (GOD/nPPy/
rGO/GCE) for H

2
O

2
 sensing [74]. Th e amperometric results shows that 

the modifi ed electrode exhibits very fast amperometric response behav-
ior toward H

2
O

2
 with low LOD of 34 nM due to the excellent conductiv-

ity of nano-PPy that acts as a mediator enhancing the electron transfer 
rate, thus increasing the electrochemical properties of GOD/nPPy/rGO/
GC-modifi ed electrode. Electrochemical H

2
O

2
 biosensors based on func-

tionalized graphene are also extensively studied. Fengna Xi  et al. have 
successfully fabricated graphene electrode functionalized with thionine 
molecules using in situ polymerized poly-dopamine as the linker [75]. 
Th ionine is used to functionalized graphene because it could off ers fast 
electron transfer rate, excellent reversibility and helps to mediate H

2
O

2
 

reduction, thus demonstrates outstanding performance for non-enzymatic 
electrochemical sensing of H

2
O

2
. Th e comparison of the sensing character-

istics of H
2
O

2
 sensors with graphene-based modifi ed electrodes reported 

in the literature is presented in Table 5.5.

5.8 Conclusion and Future Outlooks

In this chapter, the importance of biomolecules such as, glucose, NADH, 
NO, and H

2
O

2
 and their role in the body functions were described fi rst. 

Also the preparation, properties, and their multi-functional application of 
graphene were briefl y described. Th e level of these biomolecules (glucose, 
NADH, NO, and H

2
O

2
) inside the body is very essential and the impact of 

these biomolecules concentration under exceeds and lower concentration 
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also explained. Hence, sensing of these biomolecules, such as glucose, 
NADH, NO, and H

2
O

2
, is very essential and the sensing strategy with gra-

phene and its composites-based modifi ed electrodes are promising and it 
contributes more in this concern. However, the NADH and NO sensors 
based on graphene and their composites-modifi ed electrode is very few 
and it opens up a new possibility to explore with these kinds of modifi ed 
electrodes in near future.
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Abstract
In recent years carbon dots (CDs) have emerged as a new class of carbon nano-

structures with sizes <10 nm, due to their physico-chemical, biocompatible and 

strong tunable photoluminescence. We highlight here the importance, especially 

with the aim of cell labeling, by using CDs as probes. We then briefl y present the 

state-of-the-art and the progress of bioimaging. We present many recent examples 

using CDs as cell labels for imaging of various cells.

Keywords: Carbon dots, biomolecules, cells, fl uorescence microscopy and 

spectrometry

6.1 Introduction

Recently, carbon nanoparticles (C-NPs) and carbon dots (CDs) have been 
widely used as fl uorescent probes for biosensing and imaging [1-3]. Th e 
CDs were fi rst produced via laser ablation of a carbon target in the pres-
ence of water vapor with argon as carrier gas [4]. Th e bright and  multicolor 
fl uorescent emissions (at various excitation wavelengths from UV to near 
IR) were observed in both single-walled and multiple-walled carbon 
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nanotubes, which is due to the passivation of surface defects with the chem-
ical functionalization on the surfaces of carbon nanotubes [5-7]. Th e CDs 
are composed of carbon, oxygen, nitrogen, hydrogen and some doped ele-
ments. In CDs, the high amount of carbon–carbon bonding predominantly 
in graphene-type sp2 hybridization, but reveal a relatively high amount of 
the diamond-type sp3 hybridization (or disorder) of carbon atoms in con-
jugated systems [8]. Moreover, the CDs can be viewed as a highly defected 
composition of coexisting aromatic and aliphatic regions just like graphene, 
graphene oxide and diamond that are assembled in proportions and with 
variations of surface groups that depend on the precursors [9]. Th e bright 
fl uorescence is mainly due to radiative recombination of CDs surface-
confi ned electrons and holes. In recent years, CDs have been exploited as 
alternatives to conventional QDs and already show encouraging perfor-
mance in biosensing and bioimaging due to their excellent photostabil-
ity, favorable biocompatibility, low toxicity, outstanding water solubility, 
high sensitivity and excellent selectivity to target analytes, tunable fl uores-
cence emission and excitation, high quantum yield and large Stokes shift s. 
Since its preparation in 2006, research groups worldwide have developed 
“bottom-up” dehydration and “top-down” cutting routes for preparation 
of CDs using various materials as precursors [10]. Furthermore, various 
methods have been developed to prepare CDs, including laser ablation, 
arc-discharge, pyrolysis, oxidation, electrochemical exfoliation, hydrother-
mal treatments, plasma treatment and microwave/ultrasonic passivation 
electrochemical oxidation.

In recent years, numerous CDs-based analytical technologies have 
been developed to detect various trace target analytes and to visualize bio-
molecules in various cells, tissues, and living organisms due to their low 
 photobleaching, biocompatibility, and good stability [11]. Th erefore, in 
this book chapter the existing uses of CDs in fl uorescence imaging of cells 
and tissues are highlighted, and issues and prospects in such applications 
discussed.

6.2  CDs as Fluorescent Probes for Imaging of 
Biomolecules and Cells

Imaging of biomolecules and cells, both in vitro and in vivo, has long relied 
on fl uorescence microscopy (imaging) and is currently attracting increasing 
attention as a powerful bioanalytical tool for proteomic and genomic stud-
ies [12]. Substantial progress in the ability to prepare water soluble biocom-
patible nanomaterials using green synthetic approaches and understanding 
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of their outstanding and size dependent optical, physico- chemical features 
have stimulated their use in imaging [13-14]. In recent years, CDs have 
begun to be applied as fl uorescent imaging probes for imaging of a wide 
variety of molecules (metal ions, organic species, biomolecules and cells) 
in vitro and in vivo. Since, CDs have attractive features (biocompatibility, 
excellent chemical and colloidal stability, facile low-cost synthesis, scal-
ability and multicolor emission) that make them effi  cient candidates in 
cell microscopy to visualize cells with long fl uorescence lifetimes (nano-
seconds). Due to their advantages such as visible excitation and emission 
wavelengths, their fl uorescence brightness at the individual dot level, their 
high photostability, CDs have been used as fl uorescent probes for imaging 
of cells in vitro and in vivo. Sun et al. fi rst reported the use of PEGylated 
CDs as probes for imaging of Escherichia coli and studied the internaliza-
tion of oligomeric aminopolymer-functionalized CDs in Caco-2 cells [4]. 
Later on, the same group developed CDs-based microscopic method for 
multiphoton bioimaging of live cells [15]. Yang and co-workers explored 
the use of fl uorescent CDs as fl uorescent and biocompatible probes for 
imaging of cells in mice [16]. Srivastava’s group described the use of iron 
oxide-doped CDs for multi-modality bioimaging [17]. Similarly, Hsu et al. 
prepared highly stable CDs in ionic-strength media (e.g. 500 M NaCl) 
and used as probes for imaging of MCF-10A, MCF-7 and MDA-MB-231 
cells [18]. Authors found that the prepared CDs are mostly localized in the 
cell membranes and cytoplasms, with evidence of excitation-wavelength cell 
images. Callan’s group prepared CDs using citrate as precursor and func-
tionalized with octadecene and 1-hexadecylamine [19]. Authors used CDs 
as bioimaging probes for CHO cells and the results revealed that fl uores-
cence was observed within the cells and emission intensity profi les were 
predominantly localized at the periphery of the cells, rather than in their 
central region. Th e pH sensitivity of fl uorescence response of diff erent 
carbon nanomaterials has been reported in diff erent studies and is due to 
the presence of diff erent ionizable groups on their surface [20]. Wang and 
co-workers utilized a cationic branched polyelectrolyte of large molecular 
weight, i.e., polyethylenimine (PEI) of 25,000 Da as both a carbon source 
and passivating agent to prepare photoluminescent CDs in one step [21]. 
Th e prepared CDs have shown a distinct pH-sensitive response and served 
as a proton sensor in monitoring cell metabolization process with proton 
release. As a result, the CDs were eff ectively penetrate the cell membrane 
and provided HeLa cell images with good resolution.

Monodisperse highly fl uorescent CDs have been synthesized at gram 
scale with a high yield (41.8%) by carbonization of sucrose with oil acid 
in one step [22]. Authors demonstrated their potential applications in 
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bioimaging of 16HBE cells. Cellular uptake of the CDs can be observed 
at excitation wavelength 488 nm laser. Th e photoluminescent spots were 
observed only in the cytoplasmic area of the cell, whereas PL intensity of 
nucleus at the central region is very weak, indicating that the CDs easily 
penetrated into the cell but did not enter the nuclei, which avoids genetic 
disruption. Wu et al. developed CDs-based FRET with organic dye-based 
ratiometric sensor for sensing and imaging of H

2
S in biological fl uids and 

in living cells [23]. Strongly green fl uorescent graphene CDs were prepared 
in one-step solvothermal method using graphene oxide as precursor [24]. 
It was noticed that the bright green area was observed inside the cells, 
which confi rms that the translocation of carbon nanomaterials through 
cell’s membrane. Hahn’s team demonstrated the application of polyethyl-
ene glycol (PEG) diamine-capped CDs for real time bioimaging of target 
specifi c delivery of hyaluronic acid (HA) derivatives [25]. Authors carried 
out in vitro bioimaging of target specifi c intracellular delivery of the HA−
CDs conjugates by HA receptor-mediated endocytosis. It was noticed that 
the cellular uptake of HA−CDs conjugates was drastically reduced due to 
the competitive binding of HA to the receptors (Figure 6.1a). Similarly, the 
cellular uptake of CDs aft er conjugation to HA was signifi cantly reduced 
in HEK293 cells without HA receptors (Figure 6.1b). Th is approach can 
be useful for the treatment of liver diseases and for various bioimaging 
applications. Jana’s group developed a chemical method for synthesis of 
highly fl uorescent CDs and used as cell imaging probes [26]. To prove the 
functionalized CDs as fl uorescent probes, authors investigated their appli-
cations in cell imaging (Figure 6.2). Th e functionalized CDs were success-
fully increased cell labeling and uptake. Tan’s group prepared multicolor 
CDs by chemical nitric acid oxidation using the reproducible plant soot 
as raw material [27]. Authors investigated their potential applications for 
imaging of Chinese Hamster Ovary (CHO) cells and guppy fi sh imaging 
and showed enhanced luminescence as compared with its control with a 
signal-to-noise (S/N) ratio. Th e same group prepared high PL CDs using 
commercial Nescafe instant coff ee as carbon source [28]. To explore their 
potential use in cell imaging, authors performed in vitro cellular uptake 
experiment of CDs in human hepatocellular carcinoma cells (Figure 6.3a). 
As a result, the hepatocellular carcinoma cells incubated with CDs become 
bright as compared with the control cells without adding the CDs. In order 
to investigate its practical application, CDs applied as probes to observe PL 
of CDs-food mixture (Figure 6.3b). Th ese results demonstrated that the 
guppy fi sh fed with CDs-food mixture clearly showed the enhanced PL, 
which was much higher than that of the control fi sh (Figure 6.3c). Authors 
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Control C dots HA-C dot HA-C dot (w/HA)

(a)

(b)

Figure 6.1 Confocal laser scanning microscopic images of (a) B16F1 and (b) HEK293 

cells aft er incubation at 37°C for 24 h with CDs and HA−CDs conjugates in the absence 

and presence of 100-fold molar excess HA. Scale bar indicates 30 μm. (Copyright 

permission from Ref. 25)

found that the CDs showed low biotoxicity, which confi rms that CDs are 
good candidates for in vivo small animal imaging.

An innovative and green strategy has been developed for preparation 
of CDs with good quantum yield (QY) using honey as a raw material [29]. 
Th e prepared CDs were used as fl uorescent probes for detection of Fe3+ 
ion based on the quenching of their fl uorescence. Eventually, the CDs 
were applied as probes for cell imaging and coding of HEp-2 and Hela 
cells. Recently, our group also described a green synthetic approach for 
preparation of CDs using Saccharum offi  cinarum juice as precursor [30]. 
Th e CDs are well dispersed in water with an average size of ~3 nm and 
used as fl uorescent probes for cellular imaging of bacteria (Escherichia 
coli) and yeast (Saccharomyces cerevisiae). Kim et al. investigated that 
CDs as a promising fl uorescent nanomaterial to monitor the association/
dissociation of polymeric carrier/plasmid DNA (pDNA) complex during 
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Figure 6.2 CDs as fl uorescent cell label. CDs are incubated with HeLa cells for 3–6 hours 

and labeled cells are imaged under fl uorescence microscope. Cells are imaged under 

bright fi eld (BF) and fl uorescence (FL) mode with confocal or Apotome microscope. 

Details of functional CDs are described in text and supporting information. (Copyright 

permission from Ref.26)
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Figure 6.3 Bright fi eld and fl uorescence microscope images of human hepatocellular 

carcinoma cells incubated with CDs from the Nescafe® Original instant coff ee for 24h. 

Exposure time was 400 ms. Unmixed fl uorescence images of fi sh food (a) and fi sh treated 

with CDs-food mixture (b) and its control. (Copyright permission from Ref.28)
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transfection [31]. Th e developed probe acted as a highly effi  cient hybrid 
transfecting agent with high cell viability and signifi cantly improved gene 
delivery. Liu and co-workers functionalized CDs with PEI by the pyrolysis 
of glycerol and branched PEI25k mixture [32]. Authors observed that the 
CDs-PEIs were eff ectively internalized into cells displayed tunable fl uores-
cent emission under varying excitation wavelength, which suggests that 
the CDs-PEIs acted as probe for gene delivery and bioimaging (COS-7 
and HepG2 cells). Recently, Pascu’s and Marken’s groups prepared a novel 
two-photon-fl uorescent N,O-heteroatom-rich carbon nanomaterial using 
poly(4-vinylpyridine) (P4VP) as a precursor [33]. It was noticed that the 
CDs-P4VP have retained their intrinsic fl uorescence in a cellular environ-
ment and exhibit an average excited-state lifetime of 2.0 ± 0.9 ns in the 
cell. Moreover, the CDs-P4VP dots enter HeLa cells and do not cause sig-
nifi cant damage to outer cell membranes, which confi rms that CDs-P4VP 
is biocompatible in nature. Yan et al. prepared two kinds of CDs using 
citric acid-ethylenediamine (CDs-1) and citric acid-N-(b-aminoethyl)-
g-aminopropyl methyldimethoxysilane (CDs-2) as precursors [34]. Two 
new fl uorescent sensors were used for sensing of Hg2+ ion and monitor-
ing of Hg2+ ion NIH-3T3 cells. As a result, the bright fl uorescence was 
observed from within the cell and CDs can be observed mainly in the cell 
membrane and the cytoplasmic area. Th e PL of CDs was very weak in the 
cell nucleus. Wei and co-workers prepared highly PL CDs with a quantum 
yield (PLQY) of 7.7% using cornfl our as a raw material [35]. Th e bright 
luminescence CDs were observed in S180 sarcoma cells at diff erent exci-
tations, which indicate that the CDs can be considered to be safe for in 
vitro and in vivo applications. Th e same group prepared water dispersible 
CDs with tunable PL using nanodiamond as a carbon source via one-pot 
hydrothermal oxidation [36]. Th e prepared CDs showed good biocompat-
ibility with NIH-3T3 and A549 cells. It was observed that the morphology 
of CDs-conjugated cells is just like normal cell and the CDs could uptake 
by cells and accumulated in cells, indicating that the CDs could translo-
cate into cells and locate at cytoplasm. Similarly, Li’s and Feng’s group syn-
thesized strong fl uorescent CDs by the hydrothermal refl uxing method 
using lactose as a carbon source and tris(hydroxymethyl) aminomethane 
(i.e. Tris) as a surface passivation reagent [37]. Th e CDs were successfully 
acted as a probe for labeling of cytoplasm without causing any damage to 
cell nucleus, which confi rms that the CDs easily penetrated into the cell 
but did not enter the nucleus. Th eir methylthiazolyldiphenyl-tetrazolium 
bromide (MTT) assay suggested that the CDs did not cause signifi cant 
cytotoxicity to the HeLa cells. Zhang et al. described a method for prep-
aration of two types of CDs with excitation-independent blue emission 
and excitation-dependent full-color emissions via a mild one-pot process 
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from chloroform and diethylamine [38]. Th e prepared CDs exhibited 
highly stable crystalline structures with tunable surface functionalities 
and observed the continuously adjustable full color emissions, which is 
due to the surface functional groups (C=O and C=N) on the surfaces of 
CDs that can effi  ciently introduce new energy levels for electron tran-
sitions in CDs. Th e high-resolution confocal images were obtained and 
the CDs were not evenly distributed throughout the whole cell, which 
confi rms that their high biocompatible nature with cells. Blue and green 
fl uorescent CDs (<10 nm) with high fl uorescence quantum yield were 
prepared using vitamin B

1
 as a carbon source and used as probes for 

labeling of cells [39]. Th e cell labeling was performed by incubating the 
CDs solution with diff erent cell lines and imaged under a fl uorescence 
microscope. Authors demonstrated that the CDs acted as excellent imag-
ing probes and labels for diff erent cells and CDs were enter into the cell 
via nonspecifi c uptake. Th ey illustrated the tentative reason for labeling 
and uptake of CDs is due to the vitamin B

1
-like surface structure, which 

can induce transporter-mediated cell uptake, similar to cellular uptake 
of vitamin B

1
. Th eir CDs-based MTT assay demonstrated that the cell 

viability is >95% at a concentration of 1 mg/mL, which shows that the 
vitamin-derived CDs exhibited insignifi cant cytotoxicity and can be used 
as a highly effi  cient fl uorescent cell label.

In recent years, CDs-based research has opened new opportunities for 
imaging living cells and in vivo animal models with excellent sensitivity 
and spatial resolution. Imaging of cells using CDs as probes is one of the 
hottest areas in the imaging fi eld. Th ere have been a number of studies 
illustrated the use of CDs as probes for monitoring of the cellular uptake 
[1,8,10,11,12]. For examples, the fl uorescence detection of CDs with 
surface-passivation by 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) 
in COS-7 cells and the cell membrane and cytoplasm exhibited bright 
 fl uorescence [40]. Similarly, Wang et al. incubated silica-encapsulated CDs 
with BGC823 cells and studied their fl uorescence ability in the cytoplas-
mic area, which confi rms that the CDs can be penetrated into the cells 
but not into the nuclei [41]. Liu’s group prepared strong photolumines-
cent CDs by one-step microwave assisted pyrolysis using glycerol in the 
presence of TTDDA as a carbon source [42]. Th e CDs were incubated 
with HepG-2 cells and investigated multicolor fl uorescence emissions of 
CDs under diff erent excitation conditions under a laser scanning confo-
cal microscope. As a result, the CDs taken up by HepG-2 cells exhibited 
bright blue, green, and red emission colors at 405 nm, 488 nm, and 543 nm 
excitations, respectively. Zhu and co-workers described the application of 
CDs for imaging of MG-63 cells [24]. Th e bright fl uorescence emissions 
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from the cytoplasm were observed at excitation wavelengths 405 and 488 
nm. Yang et al. prepared CDs by hydrothermal carbonization of chitosan 
and used as probes for imaging of A549 cells [43]. Authors observed that 
the CDs exhibited bright fl uorescence spots only in the cell membrane 
and cytoplasmic area, with much weaker signals in the cell nucleus region. 
Jaiswal’s team prepared CDs from the microwave-mediated caramelization 
of PEG oligomers to label cells under UV excitation [44]. Lai et al. studied 
the potential use of PEG functionalized CDs as probes for the delivery of 
the anti-cancer drug doxorubicin (DOX) [45]. Authors observed that the 
DOX loaded on CDs exhibited more toxicity to HeLa cells than free DOX, 
and the fl uorescence imaging results suggested that the release of DOX 
from the carrier CDs occurred inside the cells. In order to enhance CDs 
utility to wide range of cells, several researches have been devoted their 
work on the development of CDs as probes for imaging of diff erent cell 
lines [46-47], including Caco-2 cells [4], MG-63 cells [24], murine P19 
progenitor cells [48], and pig kidney cell line (LLC-PK1 cells) [49]. Th ese 
results suggested that CDs were acted as effi  cient eco-friendly probes to 
enter into the cells to their localization in the cytoplasm.

To alter their physico-chemical properties, surface modifi cation is nec-
essary for their biological applications. For example, Han’s group modifi ed 
the surfaces of CDs with PEI and used as probes for the fl uorescence label-
ing of HeLa cells [50]. Th e CDs conjugated with the CEA8 antibody could 
label HeLa cells and the labeling was visualized by the green fl uorescence 
contour of the cell shape. Authors observed that the CDs did not observe 
without CEA8 antibody under UV excitation, which reveals that function-
alization of CDs play key role for labeling of HeLa cells. Similarly, Lee et 
al. prepared CDs with the maleimide-terminated TTA1 aptamer (targeting 
tenascin C proteins (Tnc) proteins) for the fl uorescence imaging of can-
cer cells [51]. Since Tnc proteins are highly expressed in HeLa cells and 
C6 cells, but rarely expressed in CHO cells, the TTA1–CDs were found 
to be signifi cantly selective to HeLa cells and C6 cells, with only minor 
up-taking by CHO cells. Ding’s group prepared luminescent CDs from sin-
gle-walled carbon nanotubes and then CDs were passivated with TTDDA 
[52]. Authors investigated their cytotoxicity by MTT assay method, and 
the results revealed that CDs exhibited very low cytotoxicity and the cell 
viability was over 90% when the concentration of CDs is below 500 mg 
mL-1. Th ese results suggested that the CDs showed good biocompatibility 
with biological cells. However, there were a couple of reports on the inter-
nalization of CDs in the cell nucleus. Based on the above results, the CDs 
exhibited multicolor emission and taken up by the cells for their localiza-
tion in the cytoplasm without damaging the morphology of nucleus.
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6.3 Conclusions and Perspectives

Since their discovery in 2006, a great deal of progress has been made on the 
CDs in the ten years, and a wide variety of green chemistry reagents has 
been used in various synthetic routes for the preparation of highly water 
dispersible multicolor emitting CDs and their applications in multidisci-
plinary research area. As a result, CDs have signifi cant potential to serve as 
nontoxic replacements to traditional heavy-metal based QDs. Even though 
the CDs have exhibited unique optical and physico-chemical properties, 
unfortunately their uses in biomedical research areas are still infancy. 
Aiming at expanding CDs functionality even further, the synthesis of CDs 
with bright fl uorescence emissions emphasized in the red/near- IR spec-
tral regions, thus more eff ective in tissue penetration, is desired. Th erefore, 
more studies can be explored on the surface functionalization in CDs for 
controlled coupling with bioactive species to enable specifi c targeting in 
cellular and in vivo imaging and related biomedical applications in near 
future.
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Abstract
Carbon nanotubes, magnetic nanoparticles, and quantum dots have many distinct 

properties that may be exploited to develop next the generation of sensors. Th ey 

play an important role in the detection of DNA, RNA, proteins, glucose, pesti-

cides, and other small molecules from clinical samples, food industrial samples, 

as well as environmental monitoring. Th is chapter is targeting people in engineer-

ing fi elds, who build biosensors/biosystems, and researchers in molecular biology 

who use these technologies.

Keywords: Carbon nanotubes, magnetic nanoparticles, quantum dots, enzyme 

sensors

7.1 Biosensors and Nanotechnology

Many interests have been directed to the biosensing of drugs and biologi-
cal molecules [1–3]. Th e nanotechnology of sol–gel based on molecular 
recognition [4,5] and nanoparticles (NPs) play a very important role in 
scientifi c researches [6–10]. Due to extremely small size of nanomaterials, 
they are more readily taken up by the human body. Nanomaterials are able 
to cross biological membranes and access cells, tissues, and organs that 
larger-sized particles normally cannot. NPs are stable, solid colloidal par-
ticles and range in size from 10 to 1,000 nm. Drugs can be absorbed onto 
the particle surface, entrapped inside the particle, or dissolved within the 
particle matrix. NPs have benefi ts because of its size. Because of their size, 
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they can easily enter small places. NPs have attracted the attention of scien-
tists because of their multifunctional character. NPs have large surface area 
to volume ratio that helps in diff usion also leading to special properties 
such as increased heat and chemical resistance.

Th e development of active nanostructures, capable of performing a 
function or executing a specifi c task, is currently a major focus of research 
eff orts in bio-/nanotechnology. One already highly successful nanode-
vice paradigm is the nanosensor: a designed nanostructure, which can 
provide information about its local environment through its response. 
Nanomaterials are exquisitely sensitive chemical and biological sensors. 
Each sensor should be sensitive for one chemical or biological component 
of a substance. Th us, by having sensor arrays it is possible to tell the compo-
sition of an unknown substance. Th e application area will be wide, encom-
passing food industry, detection of pollution, medical sector, brewery, etc. 
A nanobiosensor also referred to a nanosensor, is a biosensor with dimen-
sions on the nanometer scale (1 nm = 10–9 m). So, nanosensors are any bio-
logical, chemical, or physical sensory points used to convey information 
about NPs to the macroscopic world. Th ough humans have not yet been 
able to synthesize nanosensors, predictions for their use mainly include 
various medicinal purposes and as gateways to building other nanoprod-
ucts, such as computer chips that work at the nanoscale and nanorobots. 
Presently, there are several ways proposed to make nanosensors, including 
top-down lithography, bottom-up assembly, and molecular self-assembly. 
As will follow, various kinds of nanomaterials have been being actively 
investigated for their applications in biosensors, such as carbon nanotubes 
(CNTs), magnetic NPs (MNPs), and quantum dots (QDs) which have been 
applied for the detection of DNA, RNA, proteins, glucose, pesticides, and 
other small molecules from clinical samples, food industrial samples, as 
well as environmental monitoring.

7.2 Biosensors Based on Carbon Nanotubes (CNTs)

Since their discovery in 1991 [11], CNTs have generated great interest in 
future applications based on their fi eld emission and electronic transport 
properties, their high mechanical strength and their chemical proper-
ties. Th ere is increasing potential for CNTs to be used as fi eld emission 
devices, nanoscale transistors, tips for scanning microscopy, or compo-
nents for composite materials. CNTs are one of the most commonly used 
building blocks of nanotechnology. With 100 times the tensile strength 
of steel, thermal conductivity better than all but the purest diamond, and 
electrical conductivity similar to copper, but with the ability to carry much 
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higher currents, they are very interesting. CNTs include both single-walled 
and multi-walled structures (Figure 7.1). Single-walled CNTs (SWCNTs) 
(Figure 7.1A) comprise of a cylindrical graphite sheet of nanoscale diam-
eter capped by hemispherical ends. Th e closure of the cylinder is result 
of pentagon inclusion in the hexagonal carbon network of the nanotube 
walls during the growth process. SWCNTs have diameters typically 1 nm 
with the smallest diameter reported to date of 0.4 nm. Th is corresponds to 
the theoretically predicted lower limit for stable SWCNT formation based 
on consideration of the stress energy built into the cylindrical structure of 
the SWCNT. Th e multi-walled CNTs (MWCNTs) (Figure 7.1B) comprise 
several to tens of incommensurate concentric cylinders of these graphitic 
shells with a layer spacing of 0.3–0.4 nm. MWCNTs tend to have diameters 
in the range 2–100 nm. Th e MWCNT can be considered as a mesoscale 
graphite system, whereas the SWCNT is truly a single large molecule.

CNTs can have metallic or semiconducting properties. Because of the 
small diameter of CNTs, CNTs combine in a unique way high electri-
cal conductivity, high chemical stability and extremely high mechanical 
strength. Th ese special properties of both SWCNTs and MWCNTs have 
attracted the interest of many researchers in the fi eld of electrochemical 
sensors. CNTs can be either used as single probes aft er formation in situ or 
even individually attached onto a proper transducing surface aft er synthe-
sis. Both SWCNTs and MWCNTs can be used to modify several electrode 
surfaces in either vertically oriented “nanotube forests” or even a non-
oriented way. Th ey can be also used in sensors aft er mixing them with a 
polymer matrix to form CNT composites.

Th e remarkable physical properties of CNTs create a host of applica-
tion possibilities. Some of these are derived as an extension of traditional 
carbon, carbon fi ber or bead applications, but many are new possibili-
ties, based on the novel electronic and mechanical behavior of CNTs. Th e 

(a) (b)

Figure 7.1 Schematics of an individual (A) SWCNT and (B) MWCNT [12].
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excitement in this fi eld arises from the versatility of CNT material and the 
possibility of predicting novel properties and applications. Th ere are vari-
ous advantages that CNTs bring to electrochemical-sensor design. Perhaps 
the most attractive feature of the CNT enzyme-based biosensor found to 
date is improved operational stability. Nevertheless, to assess the feasibility 
and the advantages of using CNTs in designing sensors, there needs to be 
thorough examination and resolution of issues, such as how CNTs are pro-
duced and dispersed, surface chemistry and morphology, eff ective surface 
area, and presence of metal impurities. Works reported to date have tried 
to provide evidence of the electrochemical activity of CNT-based electro-
chemical sensors, including potential shift s compared to the corresponding 
non-modifi ed sensors. Th e majority of the authors agree that the presence 
of oxidants, such as strong acids, can open the ends of CNTs or introduce 
defects in their sidewalls [13,14]. Acid treatment (purifi cation and/or cast-
ing) also introduces oxygen-containing surface groups (e.g., carboxyl or 
quinone), which are believed to improve the electrocatalytic properties 
of CNTs. Th e extent to which diff erent factors aff ect the electrochemical 
behavior depends on the mechanisms of the particular redox systems. 
Contrary to this widespread opinion, Musameh et al. [15] demonstrated 
that introducing oxygen functionalities at the end of the caps or the walls 
does not enhance the electrocatalytic ability of CNTs. Oxidation phenom-
ena of CNTs need to be examined carefully in the future. Th e open ends of 
CNTs have been linked to edge planes of highly oriented pyrolytic graphite 
(HOPG) with the nanotube walls suggested to have properties similar to 
those of basal planes of HOPG electrodes [16,17]. Compton recently dem-
onstrated evidence that electrocatalytic properties of MWCNTs originate 
from their ends [18,19]. He showed that MWCNTs have an electrocatalytic 
eff ect similar to edge planes of HOPG and carbon powder, while fullerene 
(fullerene “ball-like” molecule does not contain any “open edges”)-modi-
fi ed electrodes showed behavior similar to basal plane HOPG electrodes. 
Th is discovery is consistent with Wang’s explanation of the electrocatalyti-
cal eff ect of CNTs and his description of the electrochemical activation of 
MWCNTs [14]. He compared two diff erent types of MWCNT:

1. One produced by the arc method, which creates CNTs with 
closed (fullerene-like) ends.

2. Th e other produced by the chemical vapor deposition (CVD) 
method, which creates MWCNTs with open ends [14,20].

Th e open-ended, CVD-produced MWCNTs showed higher electro-
catalytic activity than the end-capped, arc-produced MWCNTs. Anodic 
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pretreatment of the arc produced MWCNTs resulted in dramatic improve-
ment in their electrochemical activity, while anodic pretreatment of CVD-
produced MWCNTs did not show any signifi cant diff erence. Th e authors 
suggested that anodization of arc produced CNTs produces stress on the 
CNTs and this eff ectively breaks their end caps. Th e exploitation of CNTs 
in the design of electrochemical sensors is still in its infancy. Future eff orts 
should aim at better understanding the structural electrochemical reactiv-
ity of CNT-modifi ed electrodes and the factors that govern the electron 
transfer kinetics of these attractive devices, so as to avoid precipitate con-
clusions in attributing electrocatalytic properties to nanotubes without 
conducting the appropriate control experiments. It was shown that, in 
some cases, the electrocatalytic eff ect of carbon powder is similar to that of 
CNTs [18,19], while, in other cases, there is a huge diff erence between car-
bon powder and CNTs [21,22]. Interesting information on electrochemi-
cal properties of CNTs can be also obtained from studies (i.e., impedance 
spectroscopy [23]) for other applications. Th e research in the applications 
of CNTs to sensors can also take advantage of a variety of CNT applica-
tions in materials science. Other confi gurations of CNTs can be foreseen 
in future applications of electrochemical sensors. For example, small-
diameter zigzag SWCNTs, produced by cross linking of side walls of short 
CNTs, should show novel physical, chemical, and electronic properties 
[24]. DNA-directed self-assembly of CNTs [25] can also bring new pos-
sibilities for CNT confi gurations to sensor applications. Th e combination 
of the electronic properties and the dimensions of CNTs make them ideal 
building blocks for molecular electronics. Th e reported technology based 
on the use of a DNA-scaff old molecule, which provides the address for 
precise localization of a semiconducting SWCNT [26] as well as the tem-
plate for the extended metallic wires contacting it, may open new possibili-
ties for designing individual CNT sensors. Th e possibility of producing an 
SWCNT nanoelectrode may also open the way to electrochemical studies 
of single redox molecules [27].

As will follow, CNTs have been demonstrated as biosensors for glucose, 
cholesterol, tyrosinase, urease, acetylcholinesterase (AChE), horseradish 
peroxidase (HRP), and DNA detection, and their performance has been 
found to be much superior to those of other carbon electrodes in terms of 
reaction rate, reversibility, and detection limit.

7.2.1 Glucose Biosensors

Th e bioelectrochemical characteristics of a novel MWCNT-based biosen-
sor for glucose detection are studied and compared with those of glassy 



234 Advanced Bioelectronic Materials

carbon (GC)-based biosensor [28]. Th e MWCNT-based biosensor exhibits 
a strong glucose response at applied potentials of 0.65 and 0.45 V versus 
Ag/AgCl, respectively, while GC-based biosensor shows a weak glucose 
response at 0.65 V and no response at 0.45 V. Besides, the MWCNT-based 
biosensor shows a high stability of 86.7% of the initial activity to glucose 
aft er 4-month storage, much higher than 37.2%, the corresponding value 
for a GC-based biosensor.

An amperometric glucose biosensor was formed by cross-linking glu-
cose oxidase (GOx) on nanocomposite material prepared by entrapping 
silica gel (SG) and MWCNT in polyacrylonitrile (PAN) fi lm [29]. SG/
MWCNT/PAN/GOD has linear range for the detection of glucose from 
5 μM to 2 μM (a correlation coeffi  cient of 0.999) with 16 s response time. 
Th e sensitivity of the biosensor was found to be 16.5 μA/μM. Moreover, its 
experimental detection limit is 1 μM [signal-to-noise (S/N) ratio= 3] and 
the apparent Michaelis–Menten constant was calculated to be 13.9 μM. 
Th e designed biosensor is stable in the period of 30 days and retains 70% 
of its activity. Th is is due to the appropriate compound of the nanocompos-
ite matrix for GOx immobilization. SG provides higher specifi c surface for 
immobilization and enhanced hydrophilic properties of matrix. Th e high 
sensitivity of the biosensor implies that MWCNT can provide superior 
conductivity for electron transfer. Th us, the biosensor performance was 
eff ectively improved. All the results show that SG/MWCNT/PAN/GOx 
can provide a promising material for the biosensor designs and other bio-
logical applications.

Au

2e

GOD

Glucose Gluconic acid

Tubes

Figure 7.2 Schematic illustration of the MWCNT-based biosensor for glucose detection [28].
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A glucose biosensor has been fabricated by immobilizing GOx into a sol–
gel composite at the surface of a basal plane pyrolytic graphite (bppg) elec-
trode modifi ed with MWCNT [38]. First, the bppg electrode is subjected to 
abrasive immobilization of CNTs by gently rubbing the electrode surface on 
a fi lter paper supporting the CNTs. Second, the electrode surface is covered 
with a thin fi lm of a sol–gel composite containing encapsulated GOx. Th e 
CNTs off er excellent electrocatalytic activity toward reduction and oxida-
tion of hydrogen peroxide liberated in the enzymatic reaction between GOx 
and glucose, enabling sensitive determination of glucose. Th e amperometric 
detection of glucose is carried out at 0.3 V (vs saturated calomel electrode) 

Table 7.1 Performances of SG/MWCNT/PAN/GOx biosensor compared to the 

previously reported biosensors [29].

Confi guration of 

biosensor

Sensitivity 

(μA/μM)

Detection 

limit (μM)

Km (μM)References

SG /MWCNT/PAN/

GOx

16.52113.9[29]

Silica sol–gel/GOx/

CNTs

0.19650–[30]

Sol–gel/GOx/copolymer 

of poly(vinyl alcohol) 

with 4-vinylpyridine

0.6–22[31]

SG/GOx–1020.3[32]

PAN/GOx4.20 mA/

Mcm−2

114.4[33]

poly(acrylonitrile-

co-acrylic acid) 

(PANAA)/GOx

6.82 mA/

Mcm−2

0.57.3[34]

Polyaniline (PANI)/

poly(AN-co-AA)/

GOx

16 mA/

Mcm−2

118[35]

polymethylmethacrylate 

(PMMA)–

MWCNT(PDDA)/

GOx–nanofi brous 

electrode (NFE)

3.7048110.12[36]

PDDA/GOx/ZnO/ 

MWCNTs

50.2 mA/

Mcm−2

250 nM8.9[37]
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in 0.05 M phosphate buff er solution (pH 7.4) with linear response range of 
0.2–20 μM glucose, sensitivity of 196 nA/μM, and detection limit of 50 μM 
(S/N = 3). Th e response time of the electrode is <5s when it is stored dried 
at 4 ºC, the sensor showed almost no change in the analytical performance 
aft er operation for 3 weeks. Th is CNT sol–gel biocomposite GOx sensor 
showed excellent properties for the sensitive determination of glucose with 
good reproducibility, remarkable stability, and rapid response and in com-
parison to bulk-modifi ed composite biosensors the amounts of enzyme and 
CNT needed for electrode fabrication are dramatically decreased.

Th e GOx is entrapped in the composite of CNTs/chitosan (CS) and 
direct electron transfer reaction between GOx and electrode takes place 
[39]. Th e electron transfer rate of GOx is greatly enhanced to 7.73 s−1 in 
the system, which is more than one-fold higher than that of fl avin adenine 
dinucleotide adsorbed on the CNTs (3.1 s−1). Th is may be results from the 
conformational change of GOx in the microenvironment enabling the 
accessibility of active site for GOx to the electrode. Additionally, the bio-
activity of GOx modifi ed in the composite on electrode surface is kept. 
So, as-prepared electrode can be used as a glucose biosensor exhibiting 
higher sensitivity (0.52 μA.μM−1) and better stability. Th e facile procedure 
of immobilizing GOx will promote the developments of electrochemical 
research for protein, biosensors and other bioelectrochemical devices.

By combining the advantageous features of CNTs and Au–Pt bimetallic 
NPs, a novel glucose biosensor has been constructed by integrating CNTs 

Figure 7.3 Scanning electron microscopy (SEM) image of CNTs used to fabricate CNT-

modifi ed bppg electrode; magnifi cation 33,000 [38].
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with Au–Pt alloy NPs [40]. A novel glucose biosensor was constructed, 
based on the immobilization of GOx with cross-linking in the matrix of 
biopolymer CS on a glassy carbon electrode (GCE), which was modi-
fi ed with gold–platinum alloy NPs (Au–PtNPs) by electrodeposition on 
MWCNT in CS fi lm (CNTs/CS). Primary study indicated that Au–PtNPs/
CNTs had a better synergistic electrocatalytic eff ect on the reduction of 
hydrogen peroxide than did AuNPs/CNTs or PtNPs/CNTs at a low applied 
potential window. With GOx as a model enzyme, a new glucose biosensor 
was fabricated. Th e biosensor exhibited excellent performances for glucose 
at a low applied potential (0.1 V) with a high sensitivity (8.53 μA.μM–1), 
a low detection limit (0.2 μM), a wide linear range (0.001–7.0 μM), a fast 
response time (<5 s), and good reproducibility, stability, and selectivity. 
In addition, the biosensor was applied in the determination of glucose in 
human blood and urine samples.

7.2.2 Cholesterol Biosensors

A CNT-modifi ed biosensor for monitoring total cholesterol in blood was 
studied by Li et al. [41]. Th is sensor consists of a carbon working elec-
trode and a reference electrode screen-printed on a polycarbonate sub-
strate. Cholesterol esterase, cholesterol oxidase, peroxidase, and potassium 
ferrocyanide were immobilized on the screen-printed carbon electrodes 
(SPCEs). MWCNTs were added to prompt electron transfer. Experimental 
results show that the CNT-modifi ed biosensor off ers a reliable calibra-
tion profi le and stable electrochemical properties. Th e modifi cation of the 
CNTs promoted the electron transfer so as to improve the sensitivity of the 
cholesterol sensor. Within the total cholesterol range of 100–400 mg/dl, 

Table 7.2 Determination of glucose in human blood and urine samples [40].

Determination of glucose in human blood and urine samples

Sample Hospital 

(mM)

Biosensor 

(mM)

Relative 

error (%)

RSD 

(%)

Added 

(mM)

Recovery 

(%)

Blood 3.40 3.78 11.1 3.21 0.4 98.5

7.08 7.02 −0.9 3.45 0.4 97.6

6.24 6.28 0.7 2.81 0.4 103.3

Urine 7.83 7.76 −0.9 3.12 0.4 98.8

3.87 3.80 −1.9 3.57 0.4 96.8
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the testing results have shown a fairly good correlation with clinical labo-
ratory method while only 2 μL blood sample was required for a test. Th e 
screen-printing method provides a way for rapid, economic and reproduc-
ible manufacture of sensor electrode. Th e sensor developed did therefore 
provide a promising economic and easy method for monitoring the total 
cholesterol in blood.

Nanocomposite fi lm composed of PANI and MWCNTs, prepared elec-
trophoretically onto indium tin oxide (ITO)-coated glass plate, was used for 
covalent immobilization of cholesterol oxidase (ChOx) via N-ethyl-N0-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide 
(NHS) chemistry [42]. Results of linear sweep voltammetric measure-
ments reveal that ChOx/PANI–MWCNT/ITO bioelectrode can detect 
cholesterol in the range of 1.29–12.93 μM with high sensitivity of 6800 
nA.μM–1 and a fast response time of 10 s. Photometric studies for ChOx/
PANI–MWCNT/ITO bioelectrode indicate that it is thermally stable up 
to 45 ºC and has a shelf life of approximately 12 weeks when stored at 
45 ºC. Th e results of these studies have implications for the application of 
this interesting matrix (PANI–MWCNT) toward the development of other 
biosensors.

A highly sensitive and fast-response biosensor was successfully fabri-
cated [49]. Platinum NPs were electrochemically deposited in MWCNT–
CS matrix by a cyclic voltammetry (CV) method. A Pt(IV) complex was 
reduced to Pt on the surface of MWCNTs. Th e doped Pt NPs demonstrate 
the abilities to electrocatalyze the oxidation of hydrogen peroxide and sub-
stantially raise the response current. Th e results indicated that the Pt NPs 
exhibited effi  ciently electrocatalytic activity. Th e infl uence of enzyme load-
ing within the MWCNT–CS–Pt–ChOx nanobiocomposite was explored 

Reaction area

A

Electrodes

Enzyme layers

Insulation

A-A’

Polypropylene substrate

Silver leads Pads

A’

Figure 7.4 Th e structure of the cholesterol biosensor [41].
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to optimize the electroanalytical performance of the cholesterol biosensor. 
Th e optimized cholesterol biosensor shows a sensitivity of 0.044 A.M−1.
cm−2 and a response time of about 8 s. No response currents were observed 
at the MWCNT–CS–Pt–ChOx nanobiocomposite-modifi ed electrode 
aft er the additions of 100 μM glucose and 1 μM ascorbic acid to 100 μM 
cholesterol in 0.1 M phosphate buff er solution (pH 7) in the interference 
study. Th e prepared cholesterol biosensor retained 60% of initial activ-
ity aft er 7 days when stored in 0.1 M phosphate buff er solution at 4ºC. A 
novel amperometric biosensor was fabricated based on the immobiliza-
tion of ChOx into a cross-linked matrix of CS (Chi)–room-temperature 
ionic liquid (IL) (1-butyl-3-methylimidazolium tetrafl uoroborate) [50]. 
Initially, the surface of bare electrode (ITO-coated glass) was modifi ed 
with the electrodeposition of Au particles onto thiol (–SH) functionalized 
MWCNTs. Th e biosensor electrode is designated as MWCNT(SH)–Au/
Chi–IL/ChOx. SEM image of MWCNT(SH)–Au/Chi–IL/ChOx reveals 
that Chi–IL exists as the interconnected wires covering the Au particles 
on the surface of MWCNT(SH)–Au. Th e presence of Au particles in the 
matrix of CNTs provides an environment for the enhanced electrocata-
lytic activities. Th e MWCNT(SH)–Au/Chi–IL/ChOx biosensor exhibited 
a linear response to cholesterol in the concentration range of 0.5–5 μM 
with a correlation coeffi  cient of 0.998, good sensitivity (200 μA.M−1), a low 
response time (~7 s), repeatability (R.S.D value of 1.9%) and long-term 
stability (20 days with a decrease of 5% response). Th e synergistic infl uence 
of MWCNT(SH), Au particles, Chi, and IL contributes to the excellent per-
formance for the biosensor.

7.2.3 Tyrosinase Biosensors

Amperometric biosensors for the determination of phenolic compounds 
(phenol, o-cresol, p-cresol, m-cresol, catechol, dopamine, and epinephrine) 
have been constructed by Yu-Chen Tsai [51]. It comprises a MWCNTs 
conduit, a Nafi on backbone, and a tyrosinase function. Th e modifi cation 
of GCE is made by a simple solution-evaporation method. Th e resulting 
MWCNT-nafi ontyrosinase (MWCNT-nafi on-Tyr) nanobiocomposite fi lm-
modifi ed electrode is inexpensive, reliable, and easy to use. Th e homogene-
ity of the MWCNT-nafi on-Tyr nanobiocomposite fi lms was characterized 
by atomic force microscopy (AFM). Th e measurement of phenolic com-
pounds is based on the signal produced by the electrochemical reduction 
of o-quinones, the product of the enzymatic reaction. Optimization studies 
were performed in stirred solution and the magnitude of response currents 
were found to be dependent on applied potential and enzyme loading. Th e 
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optimized biosensor for phenol determination displayed a sensitivity of 
303 μA.μM−1 and a response time of less than 8 s.

A fl ow injection catechol biosensor based on tyrosinase entrapped in 
CNT-modifi ed polypyrrole (PPy) biocomposite fi lm on a GC surface has 
been developed [52]. Amperometric response was measured as a function 
of concentration of catechol, at a fi xed bias voltage of –50 mV at a fl ow 
rate of 1 mL/min. Th e proposed biosensor exhibited impressive analytical 
performance such as a linear range between 3 and 50 μM, a short response 
time (10 s), a detection limit of 0.671 μM, and an excellent operational 
(with a relative standard deviation of 0.54%) and long-term stability (85% 
remained aft er 10th week). CNT was shown to enhance the electron trans-
fer between the electrode and enzyme and capable to carry higher bioac-
tivity owing to its intensifi ed surface area.

An amperometric bisphenol A (BPA) biosensor was fabricated by 
immobilizing tyrosinase on MWCNTs-cobalt phthalocyanine (CoPc)-
silk fi broin (SF) composite-modifi ed GCE [53]. In MWCNTs-CoPc-SF 
composite fi lm, SF provided a biocompatible microenvironment for the 
tyrosinase to retain its bioactivity, MWCNTs possessed excellent inherent 
conductivity to enhance the electron transfer rate and CoPc showed good 
electrocatalytic activity to electro-oxidation of BPA. Th e cyclic voltam-
mogram of BPA at this biosensor exhibited a well defi ned anodic peak at 
0.625 V. Compared with bare GCE, the oxidation signal of BPA signifi -
cantly increased; therefore, this oxidation signal was used to determine 
BPA. Under optimum conditions, the oxidation current was proportional 
to BPA concentration in the range from 5.0×10−8 to 3.0×10−6 M with cor-
relation coeffi  cient of 0.9979 and detection limit of 3.0×10−8 M (S/N = 3). 

Table 7.4 Performance of the biosensors based on MWCNT-nafi on-Tyr nano-

biocomposite fi lm-modifi ed GCE to various phenolic compounds [51].

SubstrateLinear 

range (μM)

Sensitivity 

(μA.μM−1)

rDetection 

limit (μM)

K
mapp 

(μM)

Response 

time (s)

Phenol1–193030.9980.1352< 8

m-Cresol1–131350.9970.2816< 20

p-Cresol1–11590.9970.3413< 20

o-Cresol––––––

Catechol1–233460.9970.2226< 8

Dopamine5–23120.9980.5260< 20

Epinephrine––––––
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Th e proposed method was successfully applied to determine BPA in plastic 
products and the recovery was in the range from 95.36% to 104.39%.

Tyrosinase (TYR, EC 1.14.18.1) was physically adsorbed onto a carbon 
felt (CF) together with acridine orange (AO) [54]. Co-adsorption of AO 
was essential to prevent the denaturation of the TYR at the CF surface. 
Th e resulting TYR and AO-coadsorbed CF (TYR/AOCF) was successfully 
utilized as a detection unit of novel and highly sensitive amperometric 
fl ow-biosensor for toxic chlorophenol compounds. Standard solutions of 

K

A

B

L
C

E

F

G

H

D

Figure 7.5 Schematic diagram of the fl ow injection biosensor: running solution (A), 

High-performance liquid chromatography (HPLC) pump (B), injection valve (L), fl ow cell 

(C), Pt counter electrode (D), Ag/AgCl reference electrode (E), GC working electrode (F), 

potentiostat (G), computer (H), and data recorder (K) [52].
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phenolic compounds (200 μL) were injected, and the cathodic peak currents 
due to the reduction current of o-quinones produced by the TYR-catalyzed 
oxidation (phenolase activity) were detected at the applied potential of 
–50 mV versus Ag/AgCl. In this reaction, the electrochemically generated 
catechol compounds from o-quinones are re-oxidized repeatedly by cat-
echolase activity of the TYR, leading to a suffi  cient amplifi ed signal. Th e 
TYR/AO-CF exhibited much higher selectivity toward p-chlorophenol as 
compared with other chlorophenol compounds. When 0.1 mol/L phos-
phate buff er (pH 7.0) was used as a carrier at fl ow rate of 3.0 mL/min, 
cathodic peaks for p-chlorophenol was linear in the concentration range 
between 0.1 and 10 μmol/L (sensitivity: 1.41 (mA·L)/mmol) with sampling 
rate (30 samples/h), and the detection limit of p-chlorophenol was found 
to be 2.13×10−8 mol/L (S/N = 3. Th e ratio of signal and noise is 3). Th e 
TYR/AO-CF kept more than 80% of original activity aft er the storage in 
0.1 mol/L phosphate buff er (pH 7.0) containing 0.2 mmol/L AO at 4 °C.

7.2.4 Urease Biosensors

A novel potentiometric urea biosensor has been fabricated with urease 
(Urs) immobilized MWCNTs embedded in silica matrix deposited on 
the surface of ITO-coated glass plate [55]. Th e enzyme Urs was cova-
lently linked with the exposed free –COOH groups of functionalized 
MWCNTs (F-MWCNTs), which are subsequently incorporated within 
the silica matrix by sol–gel method. Th e synergistic eff ect of silica matrix, 
F-MWCNTs and biocompatibility of Urs/MWCNTs/SiO2 made the bio-
sensor to have the excellent electro catalytic activity and high stability. Th e 
resulting biosensor exhibits a good response performance to urea detec-
tion with a wide linear range from 2.18×10−5 to 1.07×10−3 M urea. Th e bio-
sensor shows a short response time of 10–25 s and a high sensitivity of 23 
mV/decade/cm2.

Th e pH-sensitive property of the SWCNT-modifi ed electrode based 
on the electroactive group on the SWCNT was explored by diff erential 
pulse voltammetry (DPV) technique [56]. In pH range 1–13 investigated 
in Britton–Robinson (B–R) buff er, the anodic peak shift ed negatively 
along with the increase of pH exhibiting a reversible Nernstian response. 
Experiments were carried out to investigate the response of the SWCNT-
modifi ed electrode to analytes associated with pH change. Th e response 
behavior of the modifi ed electrode to ammonia was studied as an example. 
Th e potential response could reach equilibrium within 5 min. Th e modi-
fi ed electrode had good operational stability. Voltammetric urease and 
AChE biosensors were constructed by immobilizing the enzymes with 
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sol–gel hybrid material. Th e maximum potential shift  could reach 0.130 
and 0.220 V for urea and acetylthiocholine (ATCl), respectively. Th e meth-
ods for preparing sensor and biosensor were simple and reproducible and 
the range of analytes could be extended to substrates of other hydrolyases 
and esterases. Th is broadened the biosensor application of CNT in electro-
chemical area.

7.2.5 Acetylcholinesterase Biosensors

A highly sensitive amperometric biosensor for organophosphates (OPs) 
pesticides based on immobilization of AChE on MWCNTs-β-cyclodextrin 
(β-CD) composite-modifi ed GCE was reported by Dan Du et al. [57]. Due 
to the good dispersibility and porous structures of MWCNTs-β-CD com-
posite, the resulting surface provided a favorable microenvironment for 
AChE biosensor fabrication and maintained the bioactivity of AChE for 
screening of OPs exposure. MWCNTs promoted electron transfer reac-
tions at a lower potential and catalyzed the electro-oxidation of thiocho-
line, thus increasing detection sensitivity. Based on the inhibition of OPs 
on the AChE activity, using dimethoate as a model compound, the inhibi-
tion of dimethoate was proportional to its concentration ranging from 0.01 
to 2.44 and 2.44 to 10.00 μM, with a detection limit was 2 nM (S/N = 3). 
Th e developed biosensor exhibited good reproducibility and acceptable 
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stability, thus providing a new promising tool for analysis of enzyme inhib-
itors. A simple method to immobilize AChE on PPy and PANI copolymer 
doped with MWCNTs was also proposed [58]. Th e synthesized PAn-PPy-
MWCNTs copolymer presented a porous and homogeneous morphol-
ogy which provided an ideal size to entrap enzyme molecules. Due to the 
biocompatible microenvironment provided by the copolymer network, 
the obtained composite was devised for AChE attachment, resulting in 
a stable AChE biosensor for screening of OPs exposure. MWCNTs pro-
moted electron transfer reactions at a lower potential and catalyzed the 
electro-oxidation of thiocholine, thus increasing detection sensitivity. 
Based on the inhibition of OPs on the AChE activity, using malathion 
as a model compound, the inhibition of malathion was proportional to 
its concentration ranging from 0.01 to 0.5 and from 1 to 25 μg/mL, with 
a detection limit of 1.0 ng/mL. Th e developed biosensor exhibited good 
reproducibility and acceptable stability, thus providing a new promis-
ing tool for analysis of enzyme inhibitors. In addition, immobilization of 
AChE on MWCNTs–CS (MC) composite was proposed and thus a sensi-
tive, fast, and stable amperometric sensor for quantitative determination 
of organophosphorous insecticide was developed [59]. AFM showed that 
this matrix possessed homogeneously netlike structure, which prevented 
enzyme from leaving out of the electrode. MWCNTs promoted electron 
transfer reactions at a lower potential and catalyzed the electro-oxidation 
of thiocholine, thus increasing detection sensitivity. Under optimal condi-
tions, the inhibition of triazophos was proportional to its concentration 
in two ranges, from 0.03 to 7.8 and 7.8 to 32 μM with a detection limit 
of 0.01 μM. A 95% reactivation of the inhibited AChE could be regener-
ated for using pralidoxime iodide within 8 min. Th e constructed biosensor 
processing prominent characteristics and performance such as good preci-
sion and reproducibility, acceptable stability and accuracy, fast response 
and low detection limit has potential application in the characterization of 
enzyme inhibitors and detection of toxic compounds against to enzyme.

A facile, one-step synthesis of nanocomposites using MWCNT coating 
gold NPs (GNPs) (MWCNTs-Au) was presented by Dan Du et al. [60]. 
SEM and UV–vis spectroscopy confi rmed that more than 97% of GNPs 
have been loaded on the surface of CNTs without congregation. Th e 
formed MWCNTs-Au nanocomposites off ered an extremely hydrophilic 
surface for biomolecule adhesion, leading to a stable AChE biosensor. 
Due to the excellent conductivity of the nanocomposites, the immobilized 
AChE showed favorable affi  nity to ATCl and could catalyze the hydrolysis 
of ATCl with a Km

app
 value of 268 μM to form thiocholine, which was then 

oxidized to produce a detectable and fast response. Based on the inhibition 
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of OPs on the enzymatic activity of AChE, the magnitude of peak cur-
rent from thiocholine on the biosensor is a simple and eff ective way to 
biomonitoring of OPs exposure. Using malathion as a model compound, 
the inhibition of malathion was proportional to its concentration rang-
ing from 1.0 to 1000 ng.mL−1 and 2 to 15 μg.mL−1, with a detection limit 
0.6 ng.mL−1. Th e developed biosensor exhibited good reproducibility and 
acceptable stability, thus providing a new promising tool for analysis of 
enzyme inhibitors.

7.2.6 Horseradish Peroxidase Biosensors

An amperometric biosensor based on HRP and CNT/PPy nanobio-
composite fi lm on a gold surface has been developed [61]. Th e HRP 
was incorporated into the CNT/PPy nanocomposite matrix in one-step 
electropolymerization process without the aid of cross-linking agent. 
Amperometric response was measured as a function of concentration of 
phenol derivatives, at a fi xed bias voltage of −50 mV. Th e linear range, 
sensitivity and detection limit of the biosensor were investigated for 
eighteen phenol derivatives. Th e sensitivity in the linear range increased 
in this order: 4-methoxyphenol > 2-aminophenol > guaiacol =m-cresol 
> 2-chlorophenol = 4-chlorophenol = hydroquinone = pyrocatechol > 
2,6-dimethoxyphenol > 3-chlorophenol > p-cresol > p-benzoquinone = 
4-acetamidophenol > catechol > phenol = pyrogallol = 2,4-dimethylphe-
nol. CNTs were shown to enhance the electron transfer as a mediator and 
capable to carry higher bioactivity owing to its intensifi ed surface area. Th e 
biosensor exhibited low detection limits with a short response time (2 s) 
for the tested phenolics compared to the reported working electrodes. It 
retained 70% of its initial activity aft er using for 700 measurements in 1 
month.

Th e application of the composites of MWCNTs and core–shell organo-
silica at CS cross-linked nanospheres as an immobilization matrix for the 
construction of an amperometric hydrogen peroxide (H

2
O

2
) biosensor 

was described by Ruo Yuan et al. [62]. MWCNTs and positively charged 
organosilica at CS nanospheres were dispersed in acetic acid solution (0.6 
wt%) to achieve organosilica at CS/MWCNTs composites, which were cast 
onto a glass carbon electrode (GCE) surface directly. And then, HRP, as 
a model enzyme, was immobilized onto it through electrostatic interac-
tion between oppositely charged organosilica at CS nanospheres and HRP. 
Th e direct electron transfer of HRP was achieved at HRP/organosilica at 
CS/MWCNTs/GCE, which exhibited excellent electrocatalytic activity for 
the reduction of H

2
O

2
. Th e catalysis currents increased linearly to H

2
O

2
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concentration in a wide range of 7.0×10−7 to 2.8×10−3 M, with a sensitiv-
ity of 49.8 μA.μM−1.cm−2 and with a detection limit of 2.5×10−7 M at 3σ. A 
Michaelis–Menten constant KM

app
 value was estimated to be 0.32 μM, indi-

cating a high catalytic activity of HRP. Moreover, the proposed biosensor 
displayed a rapid response to H

2
O

2
 and possessed good stability and repro-

ducibility. When used to detect H
2
O

2
 concentration in disinfector samples 

and sterilized milks, respectively, it showed satisfactory results.
A novel amperometric biosensor for the analytical determination of 

hydrogen peroxide was developed [63]. Th e fabrication of the biosensor 
was based on the co-immobilization of HRP, methylene green (MG) and 
MWCNTs within ormosils; 3-aminopropyltrimethoxysilane (APTMOS), 
2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (ETMOS) and phenyl-
trimethoxysilane (PHTMOS). APTMOS determined the hydrophilicity/
hydrophobicity of the ormosils and PHTMOS and ETMOS increased the 
physical and mechanical strength of the ormosil matrix. CV and ampero-
metric measurements demonstrated the MG co-immobilized with HRP 
in this way, displayed good stability and could effi  ciently shuttle electrons 
between immobilized enzyme and electrode, and MWCNTs facilitated the 
electrocatalytic reduction of H

2
O

2
 at reduced over potential. Th e Michaelis 

constant of the immobilized HRP was 1.8 μM, indicating a high affi  nity of 
the HRP to H

2
O

2
 without loss of enzymatic activity in ormosil matrix. Th e 

prepared biosensor had a fast response of H
2
O

2
, less than 10 s, and excel-

lent linear range of concentration from 5×10−7 to 2×10−5 M with the detec-
tion limit of 0.5 μM (S/N = 3) under the optimum conditions. Th e enzyme 
electrode retained about 90% of its initial activity aft er 30 days of storage 
in a dry state at 4 ºC. Th e preparation of the developed biosensor was con-
venient and showed high sensitivity with good stability.

7.2.7 DNA Biosensors

A Mn(II) complex, MnL (L = sodium (E)-3-((1-carboxyethylimino)
methyl)-4-hydroxybenzenesulfonate), was synthesized and characterized 
using elemental analysis and IR spectroscopy. CV and fl uorescence spec-
troscopy were used to investigate the interaction between MnL and salmon 

GCE

HRP

Figure 7.8 Illustration of the preparation process of the biosensor [62].
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Table 7.6 Comparison of the effi  ciency of MWCNTs/MG/HRP-modifi ed 

 electrode used in determination of H
2
O

2
 [63].

ElectrodeMethodElectrolyteLOD (μM)LCR (μM)RT (s)

MWCNT/MB/

HRP/GCE

CVpH 7 PBS14×10−6 to 2×10−3<30

MWCNT/PS/

HRP/SPE

CVpH 7 PBS252×10−5 to 5×10−4–

MWCNT/FMC-

BSA/HRP/

GCE

CV, FIApH 6.8 PBS52×10−5 to 4.5×10−320

PDDA-Au/

DNA-Ag/HRP

CVpH 6 PBS27×10−6 to 7.8×10−315

SG/MG/nafi on/

HRP/GCE

CVpH 7 PBS0.15×10−7 to 1.6×10−320

MB/HRP/GA/

GPE

CVpH 7 PBS39.9×10−6 to 6.49×10−4–

Ag-nano/PVA/PtCVpH 7 PBS1045×10−6 to 6×10−3–

Gelatine/MB/

HRP/GCE

CVpH 7 PBS41×10−5 to 1.2×10−3<20

NMB/HRP/GCECVpH 7 PBS2.072.5×10−6 to 1×10−4<20

MG/HRP/zeolite/

GCE

CVpH 7 PBS0.52.5×10−6 to 2.4×10−440

MWCNT/MG/

HRP/GCE

CVpH 7.2 PBS0.55×10−7 to 2×10−5<10

PEGDGE/SBP/

GCE

CVpH 7.4 PBS–1×10−7 to 2×10−4–

sperm DNA. It was revealed that MnL presented high electrochemical 
activity on GCE, and it could be intercalated into the double helices of dou-
ble-stranded DNA (dsDNA). Using MnL as the hybridization indicator, a 
novel and sensitive electrochemical DNA biosensor based on MWCNTs 
functionalized with carboxyl groups (MWCNTs–COOH, on which DNA 
probes were covalently immobilized) was prepared [64]. Th e target sin-
gle-stranded DNA (ssDNA) could be quantifi ed ranging from 6.7×10–10 to 
8.4×10–9 M with good linearity (r = 0.9922). A detection limit of 1.4×10–10 
M (3σ, n = 9) was achieved.

Th e manganese complex of rutin(R) C
54

H
58

MnO
32

 (abbreviated by 
MnR2) was synthesized and characterized by elemental analysis and IR 
spectroscopy. CV and fl uorescence spectroscopy were used to investi-
gate the interaction of MnR2 with salmon sperm DNA. It was revealed 
that MnR2 presented an excellent electrochemical activity on GCE and 
could intercalate into the double helix of dsDNA. A novel and sensitive 
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electrochemical DNA biosensor based on MWCNTs functionalized with 
a carboxylic acid group (MWCNTs–COOH) for covalent DNA immo-
bilization and enhanced hybridization detection was described [65]. Th e 
MWCNTs–COOH-modifi ed GCE was fabricated and oligonucleotides 
with the 5’-amino group were covalently bonded to the carboxyl group of 
CNTs. Compared with DNA sensors with oligonucleotides directly incor-
porated on GCEs, this CNT-based assay with its large surface area and 
good charge-transport characteristics dramatically increased DNA attach-
ment quantity and complementary ssDNA detection sensitivity. Th e target 
ssDNA could be quantifi ed ranged from 1.60×10−9 M to 4.80×10−8 M with 
good linearity (r = 0.9898) and a detection limit of 3.81×10−11 M (3σ, n 
= 7) was achieved by the constructed electrochemical DNA biosensor. A 
novel and sensitive electrochemical DNA biosensor has been developed 
for the detection of DNA hybridization [66]. Th e biosensor was proposed 
by using copper(II) complex of Luteolin C

30
H

18
CuO

12
 (CuL2) as an elec-

troactive indicator based on silver NPs and MWCNTs (Ag/MWCNTs)-
modifi ed GCE. In this method, the 4-aminobenzoic acid (4-ABA) and Ag 
NPs were covalently graft ed on MWCNTs to form Ag/4-ABA/MWCNTs. 
Th e proposed method dramatically increased DNA attachment quantity 
and complementary ssDNA detection sensitivity for its large surface area 
and good charge transport characteristics. DNA hybridization detection 
was performed using CuL2 as an electroactive indicator. CV and fl uores-
cence spectroscopy were used to investigate the interaction between CuL2 
and ds-oligonucleotides (dsDNA). It was revealed that CuL2 presented 
high electrochemical activity on GCE, and it could be intercalated into the 
double helices of dsDNA. Th e target ssDNA of the human hepatitis B virus 
(HBV) was quantifi ed in a linear range from 3.23×10−12 to 5.31×10−9 M (r = 
0.9983). A detection limit of 6.46×10−13 M (3σ, n = 11) was achieved.

Th e fabrication of a sensitive electrochemical DNA biosensor for the 
detection of sequence-specifi c target DNA was reported by Y. Zhang et al. 

HOOC COOH

C
O

O
H

EDC
C:O

DPV

ipc

MnL

intercalatinghybridization

HN

NH2-ssDNAMWCNs-COOH modification

Figure 7.9 Procedure for the preparation of MWCNT-modifi ed GCE and immobilization 

and detection of DNA [64].
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[67]. Zinc oxide nanowires (ZnONWs) were fi rst immobilized on the sur-
face of a GCE. MWCNTs with carboxyl groups were then dropped onto 
the surface of the ZnONWs. GNPs (AuNPs) were subsequently introduced 
to the surface of the MWCNTs/ZnONWs by electrochemical deposition. 
A ssDNA probe with a thiol group at the end (HS–ssDNA) was covalently 
immobilized on the surface of the AuNPs by forming an Au–S bond. DPV 
was used to monitor DNA hybridization by measuring the electrochemi-
cal signals of [Ru(NH

3
)

6
]3+ bounding to dsDNA. Th e incorporation of 

ZnONWs and MWCNTs in this sensor design signifi cantly enhances the 
sensitivity and the selectivity. Th is DNA biosensor can detect the target 
DNA quantitatively in the range of 1.0×10−13 to 1.0×10−7 M, with a detec-
tion limit of 3.5×10−14 M (S/N = 3). In addition, the DNA biosensor exhib-
its excellent selectivity, even for single-mismatched DNA detection.

MWCNTs–CONH–(CH2)2–SH was synthesized via carboxylation, and 
investigated a thickness-tunable multilayer fi lms DNA biosensor built by 
layer-by-layer (LbL) covalent attachment of GNPs and MWCNTs on an 
Au electrode [68]. Th e hybridization events were monitored through mea-
surement the signal of intercalated doxorubicin by DPV, and the oxidation 
peak currents show a good linear relationship with the logarithm of the 

ZnO NWs MWCNTs-COOH

0.1% SDS

DPV detection

(a)

(a)

(b)

(b)

DPV detection

0
.1

%
 S

D
S

R
u

H
e

x

R
u

H
e

x

Electrodeposition

Gold nanoparticles

Probe DNA

Target DNA

Figure 7.10 Schematic representation of the immobilization and hybridization detection 

of probe DNA [67].
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concentration of target DNA from 5.0×10−10 to 1.0×10−11 M with a detec-
tion limit of 6.2 pM. Th e improved DNA biosensor has a good stability and 
reproducibility

7.3 Biosensors Based on Magnetic Nanoparticles

Magnetic biomaterials can be used to separate and concentrate biologi-
cal molecules. Th ey have been successfully used in clinical diagnostics. 
Th e immobilization of GOx or other enzymes on magnetic particles could 
potentially lead to unique properties, since nano-sized magnetic biocon-
jugated materials have unique properties such as large surface area, high 
bioactivity, and excellent stability. In addition, it provides magnetic control 
of the bioelectrocatalytic process for the detection of analytes. Comparing 
with the magnetic polymer microspheres, magnetic inorganic NPs are 
more suitable for the fabrication of sensitive electrochemical biosensors 
owing to its electro-conductivity, biocompatibility and easiness of syn-
thesis. Th e MNPs-based electrochemical sensors provide a sensitive tool 
for the rapid detection of analytes. Magnetic biosensors have been used to 
detect extremely low concentrations of biomolecules in very small volumes 
of samples within just a few minutes. A glucose biosensor was prepared 
with Fe

3
O

4
 NPs containing Prussian blue (PB) and GOx attracted to the 

surface of solid paraffi  n carbon paste electrode (CPE) by magnetic force 
[69]. Th e prepared Fe

3
O

4
/PB composite NPs were about 50 nm in diam-

eter and the GOx was covalently conjugated to the amine-modifi ed NPs. 
Because of the high reactivity of hydrogen peroxide with PB contained in 
the glucose biosensor, the hydrogen peroxide formed during the enzymatic 
reaction with glucose was measured by the current generated to determine 
the glucose concentration. Th e biosensor showed high sensitivity, selectiv-
ity, stability, and short response time. It exhibited a linear response to glu-
cose over the range from 5.0×10−7 to 8.0×10−5 M with a detection limit of 
1.0×10−7 M. Th e apparent Michaelis–Menten constant K

m
 was found to be 

1.44×10−5 M. Reductive substances in biological samples did not interfere 
with the detection of glucose. Th e biosensor was also used to determine the 
glucose concentration in human blood samples.

Magnetic Fe
3
O

4
 NPs were prepared by co-precipitation method and a 

disposable glucose biosensor was fabricated by drop coating of ferricyanide 
(Ferri)-nano-Fe

3
O

4
 mixture onto the surface of SPCEs, and then by layer-

ing on GOx [70]. Th e glucose biosensors exhibit a relatively fast response 
(<15 s) and high sensitivity (ca. 1.74 mA. M–1) with a wide linear range up 
to 33.3 M (600 mg.dL–1) of glucose.
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An electrochemiluminescence (ECL) glucose biosensor based on Fe
3
O

4
 

NPs was presented by LI Jian-Ping et al. [71]. GOx was covalently cross-
linked to the surface of synthesized magnetic Fe

3
O

4
 NPs. Th e composite 

particles of Fe
3
O

4
/GOx were adhered onto solid paraffi  n CPE surface by 

magnetic force to act as a working electrode. Hydrogen peroxide was pro-
duced by enzymatic reaction of GOx, and ECL could be obtained by the 
reaction between luminol and hydrogen peroxide; then, a novel ECL glu-
cose biosensor was fabricated. Th ere was a linear relationship between ECL 
intensity and glucose concentration in the range of 1x10–5–1x10–2 M with 
a regression equation of I = 65.4374 C + 23.9017 (r = 0.9987), and the 
detection limit was 1 μM. Th e ECL biosensor has shown short response 
time and high stability, and the electrode surface was easily renewable. Th e 
proposed biosensor has been applied for the determination of glucose in 
plasma samples.

K3Fe(CN)6 + H2O2 Si (OEt)3 (CH2)3NH2

Si(CH2)3NH2

Fe3O4 Fe3O4/PB

pH2

OH

OH

OH

Glutaraldehyde

GOD

OH

OH

OH

H

— NH2

— NH2

H

H

H

O

O
O

OH

H

H

H

O

O
O

O

O
O

O

Figure 7.11 Synthesis of Fe
3
O

4
/PB and covalent conjugation of GOx to Fe

3
O

4
/PB NPs 

[69].

Table 7.7 Determination of glucose in blood samples [69].

Samples Added (10–5 M) Found (10–5 M) 

(n = 5)

R.S.D. (%) Recoveries 

(%)

a 0.0

2.0

3.0

1.16

3.24

4.11

1.9

1.6

1.8

–

104

98.3

b 0.0

2.0

3.0

1.25

3.28

4.19

2.1

1.4

0.8

–

101.5

98
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A sensitive and selective amperometric glucose biosensor was obtained 
by using the electrodeposition of Pt NPs on iron oxide-MWCNTs/CS 
(Fe

y
O

x
-MWCNTs/CS) magnetic composite-modifi ed GCE followed by 

the adsorption of GOx at the surface of the electrode [72]. Th e proposed 
biosensor exhibit excellent electrocatalytic activity and good response per-
formance to glucose. Under the optimal conditions, a linear dependence 
of the catalytic current upon glucose concentration was obtained in the 
range of 6.0×10−6 to 6.2×10−3 M with a detection limit of 2.0×10−6 M, and 
a response time of less than 8 s. Th e apparent Michaelis–Menten constant 
(KM

app
) was evaluated to be 9.0 M. Furthermore, the sensitivity for the 

determination of glucose at the GOx/Pt/Fe
y
O

x
-MWCNTs/CS magnetic 

composite-modifi ed GCE is better than at common GOx/Pt/MWCNTs/
CS and GOx/Pt-Fe

y
O

x
/CS composite-modifi ed electrodes. Th e proposed 

biosensor has good anti-interferent ability and long-term storage stability 
aft er coating with Nafi on, and it can be used for the determination of glu-
cose in synthetic serum.

Ferrites are a group of important magnetic materials for technologi-
cal application and fundamental studies. Nickel ferrite (NiFe

2
O

4
) with an 

inverse spinel structure shows ferrimagnetism that originates from mag-
netic moment of anti-parallel spins between Fe3+ ions at tetrahedral sites 
and Ni2+ ions at octahedral sites. Th e quantitative cytotoxicity test verifi ed 
that both uncoated and CHIT-coated NiFe

2
O

4
 NPs had noncytotoxicity 

[73]. Th us, combining the advantageous features of MNPs (NiFe
2
O

4
NPs) 

and biopolymer (CHIT), a new CHIT/NiFe
2
O

4
/GOx nanocomposite was 

constructed on GCE [74]. Th e GCE modifi ed with the CHIT/NiFe
2
O

4
NPs/

GOx showed excellent electrocatalytical response to the oxidation of glu-
cose when ferrocene carboxylic acid was used as an artifi cial redox medi-
ator. Th e biosensor was applied to detect glucose with a linear range of 
1×10−4 to 2.0×10−2 mol.L−1. Th e biosensor exhibited excellent performance 
for glucose at applied potential of 0.6 V with a fast response time (<4 s).

Table 7.8 Determination of glucose in human serum and recovery test results 

[71].

Sample Glucose 

found ( M)

RSD (%, 

n =5)

Reference 

values ( M)

Glucose 

added 

( M)

Total found 

( M)

Recovery 

(%)

1

2

3

4

5

5.78

4.26

6.00

7.80

8.87

3.41

3.10

2.53

3.34

2.76

5.73

4.35

5.92

7.78

8.95

0.5

1.0

1.5

2.0

3.0

6.30

5.22

7.46

9.84

11.72

104.0

96.2

97.1

102.0

95.2
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A phenol biosensor was developed based on the immobilization of 
tyrosinase on the surface of modifi ed magnetic MgFe

2
O

4
 NPs [75]. Th e 

tyrosinase was fi rst covalently immobilized to core-shell (MgFe
2
O

4
–SiO

2
) 

MNPs, which were modifi ed with amino group on its surface. Th e result-
ing magnetic bio-NPs were attached to the surface of CPE with the help of 
a permanent magnet. Th e immobilization matrix provided a good micro-
environment for the retaining of the bioactivity of tyrosinase. Phenol was 
determined by the direct reduction of biocatalytically generated quinone 
species at −150mV versus SCE. Th e resulting phenol biosensor could reach 
95% of steady-state current within 20 s and exhibited a high sensitivity 
of 54.2 μA/ M, which resulted from the high tyrosinase loading of the 
immobilization matrix. Th e linear range for phenol determination was 
from 1×10−6 to 2.5×10−4 M with a detection limit of 6.0×10−7 M obtained at 
a S/N ratio of 3. Also, a hydroquinone biosensor was developed and used 
to determine hydroquinone concentration in compost extracts based on 
the immobilization of laccase on the surface of modifi ed magnetic core–
shell (Fe

3
O

4
–SiO

2
) NPs [76]. Laccase was covalently immobilized on the 

MNPs by glutaraldehyde, which was modifi ed with amino groups on its 
surface. Th e obtained magnetic bio-NPs were attached to the surface of 
CPE with the aid of a permanent magnet to determine hydroquinone. A 
good microenvironment for retaining the bioactivity of laccase was pro-
vided by the immobilization matrix. Th e linear range for hydroquinone 
determination was 1×10−7 to 1.375×10−4 M, with a detection limit of 
1.5×10−8 M. Th e current reached 95% of the steady-state current within 
about 60 s. Hydroquinone concentration in compost extracts was deter-
mined by laccase biosensor and HPLC, the results of the two methods were 
approximately the same.

CS+MWNTs-FeyOx Electrodeposition H2PtCI6

NafionGOx

(c)

(a)

(d)

(b)

Figure 7.12 Th e stepwise fabrication processes of the modifi ed electrode [72].
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A novel tyrosinase biosensor based on Fe
3
O

4
 NPs–CS nanocomposite 

has been developed for the detection of phenolic compounds [77]. Th e 
large surface area of Fe

3
O

4
 NPs and the porous morphology of CS led to a 

high loading of enzyme and the entrapped enzyme could retain its bioac-
tivity. Th e prepared biosensor was used to determine phenolic compounds 
by amperometric detection of the biocatalytically liberated quinone at −0.2 
V versus saturated calomel electrode (SCE). Th e biosensor was applied 
to detect catechol with a linear range of 8.3×10−8 to 7.0×10−5 mol.L−1, and 
the detection limit of 2.5×10−8 mol.L−1. Th e tyrosinase biosensor exhibits 
good repeatability and stability. Such new tyrosinase biosensor shows great 
promise for rapid, simple, and cost-eff ective analysis of phenolic contami-
nants in environmental samples. Th e proposed strategy can be extended 
for the development of other enzyme-based biosensors.

A tyrosinase (Tyr) biosensor was developed based on Fe
3
O

4
 MNPs-

coated CNTs nanocomposite and further applied to detect the concentra-
tion of coliforms with fl ow injection assay (FIA) system [78]. Coliforms 
which are found in large numbers among the intestinal of humans and 
other warm-blooded animals spread abroad in natural environment. 
Th e presence of coliforms, more specifi cally Escherichia coli (E. coli), is 
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routinely used as an indicator to monitor potential enteric pathogen con-
tamination of waters. Th ey may cause illness ranging from mild watery 
diarrhea to life-threatening conditions, such as hemolytic uremic syn-
drome and hemorrhagic colitis. Negatively charged MNPs were absorbed 
onto the surface of CNTs which were wrapped with cationic polyelectro-
lyte poly(dimethyldiallylammonium chloride) (PDDA). Th e Fe

3
O

4
 MNPs-

coated CNTs nanocomposite was modifi ed on the surface of the GCE, and 
Tyr was loaded on the modifi ed electrode by glutaraldehyde. Th e immobi-
lization matrix provided a good microenvironment for retaining the bio-
activity of Tyr, and CNTs incorporated into the nanocomposite led to the 
improved electrochemical detection of phenol. Th e Tyr biosensor showed 
broad linear response of 1.0×10−8 to 3.9×10−5 M, low detection limit of 
5.0×10−9 M and high sensitivity of 516 mA/M for the determination of 
phenol. Moreover, the biosensor integrated with a FIA system was used 
to monitor coliforms. Th e detection principle was based on determina-
tion of phenol which was produced by enzymatic reaction in the E. coli 
solution. Under the optimal conditions, the current responses obtained in 
the FIA system were proportional to the concentration of bacteria ranging 
from 20 to 1×105 cfu/mL with detection limit of 10 cfu/mL and the overall 
assay time of about 4 h. Th e developed biosensor with the FIA system was 
well suited for quick and automatic clinical diagnostics and water quality 
analysis.

As a specifi c nanomaterial, MNPs have gained increasing interest for 
their novel properties recently, and been widely studied and applied in var-
ious fi elds including enzyme immobilization. However, pure MNPs them-
selves may not be very useful in practical applications because they are 
more likely to aggregate for their large ratio of surface area to volume and 
strong magnetic dipole–dipole attractions between particles compared 
with other NPs, and have limited functional groups for selective binding. 
Th erefore, one of the main problems in the application of superpara MNPs 
is the surface modifi cation with various useful materials, which can make 
them to achieve desirable surface functionalities and be tailored to specifi c 
applications. Polymers magnetic microsphere is one kind of useful mag-
netic carriers which was synthesized by coating a layer of polymers fi lm 
onto the MNPs. It has been successfully applied in enzyme immobilization 
because of its abundant functional groups and superparamagnetic charac-
ter, which can make it as useful support for the immobilization of enzymes 
and separate from the reaction medium by using a magnetic fi eld. A novel 
magnetic CS microsphere (MCMS) was prepared using carbon-coated iron 
MNPs and CS [79]. Hemoglobin (Hb) was successfully immobilized on the 
surface of MCMS-modifi ed GCE with the cross-linking of glutaraldehyde, 
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and the immobilized Hb displayed an excellent electrocatalytic property 
to the reduction of H

2
O

2
 in the presence of the mediator of methylene 

blue (MB). Th is biosensor had a fast response of H
2
O

2
 less than 10 s and 

excellent linear relationships were obtained in the concentration range of 
0.069–0.29 M and 0.29–3.0 M with the detection limit of 0.021 M (S/N 
= 3) under the optimum conditions. Moreover, the selectivity, stability, and 
reproducibility of this biosensor were evaluated with satisfactory results.

In recent years, conducting polymers combined with metallic NPs have 
been paid more attention due to their potential applications in microelec-
tronics, microsystems, optical sensors and photoelectronic chemistry. An 
assembly of MNPs were immobilized on PPy fi lms under appropriate mag-
netic fi eld in order to control their organization on the PPy fi lm and fi nally 
to improve the sensitivity of the system in potential sensing applications 
[80]. By using streptavidin-labeled magnetic particles, it was possible to 
functionalize the NPs assembly with biotin-Fab fragment K47 antibody. 
Th e designed biosensor had been successfully applied in rapid, simple, and 
accurate measurements of atrazine concentrations, with a signifi cantly low 
detection limit of 5 ng/ml.

Magnetic polymer nanostructures are a new class of multifunctional 
nanomaterials that are recently being explored in biosensor devices. 
Th e novel application of electrically active magnetic (EAM) NPs as 

N

H

Antigen :

Atrazine

Antibody : Biotin-

Fab fragment K47

Magnetic particles labelled

with streptavidin

Polypyrrole filmAu

Figure 7.14 A schematic diagram of the immunosensor showing the stepwise 

immunosensor fabrication process [80].
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concentrator of DNA targets as well as electrochemical transducers for 
detection of the Bacillus anthracis protective antigen A (pag A) gene was 
reported by C. Alocilja et al. [81]. Th e EAM NPs are synthesized by chemi-
cal polymerization and have dimensions of 80–100 nm. Th e biosensor 
detection encompasses two sets of DNA probes that are specifi c to the tar-
get gene: the detector probe labeled with the EAM NPs and the biotinyl-
ated capture probe. Th e DNA targets are double hybridized to the detector 
and the capture probes and concentrated from nonspecifi c DNA frag-
ments by applying a magnetic fi eld. Subsequently, the DNA sandwiched 
targets (EAM-detector probe–DNA target–capture probe-biotin) are cap-
tured on streptavidin-modifi ed SPCEs through the biotinylated capture 
probes. Detection is achieved electrochemically by measuring the oxida-
tion–reduction signal of the EAM NPs. Preliminary results indicate that 
the biosensor is able to detect the redox signal of the EAM NPs at DNA 
concentrations as low as 0.01 ng/μL.

7.4 Biosensors Based on Quantum Dots

Semiconductor QDs, also called semiconductor nanocrystals, are gener-
ally composed of atoms from groups II and VI or III and V of the peri-
odic table. Th e nanoscaled size of QDs leads to the quantum-confi nement 
eff ect, which results in interesting optical and electronic properties, such as 
high quantum yield, high molar extinction coeffi  cients, broad absorption 
with narrow and symmetric photoluminescence (PL) spectra, large eff ec-
tive Stokes shift s, high resistance and exceptional resistance to photo- and 
chemical degradation. In 1998, the fi rst milestone application of QDs as 
luminescence labels in biological detection was reported by Bruchez et al. 
[82], and then the biological applications of QD attracted intense attention. 
Recently, many uses of QDs in biology have existed, such as cellular label-
ing, in vivo tissue imaging, QD assay labeling. Its ability to promote the 
direct electron transfer between the biomolecules and electrode surfaces 
was also explored. Because of their unique chemical, physical and elec-
tronic properties, QDs and CNTs are now extremely attractive and impor-
tant nanomaterials in bioanalytical applications. CdTe QDs with the size 
of about 3 nm were prepared and a novel electrochemical biosensing plat-
form of glucose based on CdTe/CNTs electrode was presented by J. Li [83]. 
Th is CdTe/CNTs electrode was prepared by fi rst mixing CdTe QDs, CNTs, 
nafi on, and GOx in appropriate amounts and then modifying this mixture 
on the GCE. Transmission electron microscopy (TEM) was used to observe 
the dispersion of CdTe QDs on CNTs and CV was used to investigate the 
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Figure 7.15 Schematic illustration of (a) screen-printed three-electrode sensor and (b) 

EAM-based electrochemical DNA biosensor detection principle [81].

electrochemical behavior of the CdTe/CNTs electrode. A pair of well-
defi ned quasi-reversible redox peaks of GOx was obtained at the CdTe/
CNTs-based enzyme electrode by direct electron transfer between the pro-
tein and the electrode. Th e immobilized GOx could retain bioactivity and 
catalyze the reduction of dissolved oxygen. Due to the synergy between the 
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CdTe QDs and CNTs, this novel biosensing platform based on QDs/CNTs 
electrode responded even more sensitively than that based on GCE modi-
fi ed by CdTe QDs or CNTs alone. Th e inexpensive, reliable and sensitive 
sensing platform based on QDs/CNTs electrode provides wide potential 
applications in clinical, environmental, and food analysis.

A reagentless amperometric uric acid biosensor based on zinc sulfi de 
(ZnS) QDs was developed [84]. It could detect uric acid without the pres-
ence of an electron mediator. Th e carboxyl group functionalized ZnS QDs 
were synthesized, and they were soluble biocompatible and conductive. 
ZnS QDs conjugates could provide increased enzyme binding sites, which 
may result in higher enzyme loading. Th us, the proposed uricase/ZnS 
QDs/l-cys biosensor exhibited higher amperometric response compared to 
the one without QDs (uricase/l-cys biosensor). In addition, there was little 
ascorbic acid interference. It showed a linear dependence on the uric acid 
concentration ranging from 5.0×10−6 to 2.0×10−3 mol.L−1 with a detection 
limit of 2.0×10−6 mol.L−1 at 3 σ.

HRP and lipophilic QDs were incorporated onto the surface of GCEs in 
various ways [85]. It was found that HRP transfers electron directly onto 
the GCE only when the electrode was modifi ed with QDs through vapor 
deposition. Th e response currents were linearly correlated with scan rate, 
indicating that the reaction is a surface controlled process. Th e average 
coverage of HRP on the electrode surface can be calculated as 2.29×10−11 
mol.cm−2, and the heterogeneous electron transfer rate constant k was 
5.80±0.70 s−1. Absorption spectra and Fourier transform infrared spec-
tra showed that the conformation of HRP immobilized on the electrode 
has no obvious change. Further studies indicated that immobilized HRP 

Table 7.10 Determination of uric acid level in blood samples [84].

Sample 

number

Determined by 

spectrophotometry 

(×10−3 mol L−1)

Measured by biosensor 

(×10−3 mol L−1)

R.S.D. 

(n=34) (%)

1a 0.50 0.52 1.3

2a 0.48 0.49 1.8

3a 0.68 0.65 4.4

4 0.35 0.36 3.5

5 0.28 0.26 3.0

aTh e hyper- or hypo-level of uric acid in blood samples, the normal uric acid level in blood 

is between 0.15 and 0.4 mmol.L−1.
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retains excellent catalytic activity to H
2
O

2
. Th e apparent Michaelis–Menten 

constant was calculated as 0.152 M. It was also found that the modifi ed 
electrode could be used as a sensor for H

2
O

2
, and the linear range of detec-

tion was 5.0×10−6 to 1.0×10−4 M, with a detection limit of 2.84×10−7 M. Th e 
sensor exhibited reproducibility, stability.

A simple method for immobilization of AChE on cysteamine self-
assembled monolayers-modifi ed gold electrode coupled with CdTe QDs 
was proposed [86] and thus a sensitive, fast and stable amperometric bio-
sensor for quantitative determination of carbaryl was developed. Th e NPs 

Figure 7.16 Schematic representation of the steps to develop a uricase/ZnS QDs/l-

cysteamine sensor [84].
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of CdTe QDs led to an increased eff ective surface area for immobilization 
of enzyme and their electrocatalytic activity promoted electron transfer 
reactions and catalyzed the electro-oxidation of thiocholine, thus amplify-
ing the detection sensitivity. Due to the notable decrease in voltammet-
ric signal of the immobilized AChE, a simple method for determination 
of carbaryl was established. Th e inhibition of carbaryl was proportional 
to its concentration in two ranges, from 1 to 50 and 50 to 500 ng.mL–1, 
with a detection limit of 0.6 ng.mL–1. Th e constructed biosensor which 
processes prominent characteristics and performance, such as good preci-
sion and reproducibility, acceptable stability and accuracy, fast response 
and low detection limit, has potential application in the characterization 
of enzyme inhibitors and detection of toxic compounds against to enzyme. 
Th e optical transducer of CdTe semiconductor QDs has been integrated 
with AChE enzyme by the LbL assembly technique, resulting in a highly 
sensitive biosensor for detection of organophosphorus pesticides (OPs) 
in vegetables and fruits based on enzyme inhibition mechanism [87]. Th e 
detection limits of the proposed biosensors are as low as 1.05×10−11 M for 
paraoxon and 4.47×10−12 M for parathion, which are signifi cantly better 
than those of the conventional GC/MS methods or amperometric biosen-
sors (0.5 nM). Th ese biosensors are used for quick determination of low 
concentrations of OPs in real vegetable and fruit samples and exhibit sat-
isfactory reproducibility and accuracy. Moreover, the stock stability of the 
biosensors is very good due to the stabilizing environment for the enzyme 
in the nanostructures made by LbL technique. Many advantages provided 
by these biosensors, like fl uorescent change recognized by naked eyes and 
mass production with low cost, will facilitate future development of rapid 
and high-throughput screening of OPs.

A novel AChE biosensor was constructed by modifying GCE with CdTe 
QDs and excellent conductive GNPs though CS microspheres to immobilize 
AChE [88]. Since GNPs have shown widespread use particularly for con-
structing electrochemical biosensors through their high electron transfer 
ability, the combined AChE exhibited high affi  nity to its substrate and thus a 
sensitive, fast and cheap method for determination of monocrotophos. Th e 
combination of CdTe QDs and GNPs promoted electron transfer and cata-
lyzed the electro-oxidation of thiocholine, thus amplifying the detection 
sensitivity. Th is novel biosensing platform based on CdTe QDs-GNPs com-
posite responded even more sensitively than that on CdTe QDs or GNPs 
alone because of the presence of synergistic eff ects in CdTe-GNPs fi lm. Th e 
inhibition of monocrotophos was proportional to its concentration in two 
ranges, from 1 to 1000 ng.mL−1 and 2 to 15 μg.mL−1, with a detection limit of 
0.3 ng.mL−1. Th e proposed biosensor showed good precision and reproduc-
ibility, acceptable stability and accuracy in garlic samples analysis.
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Ultra-sensitive DNA detection was achieved using a new biosensing plat-
form based on QDs and total internal refl ection fl uorescence, which featured 
an exceptional detection limit of 3.2 a mol of bound target DNA [89]. Th e 
reusable sensor surface was produced by covalently immobilizing streptavi-
din onto a self-assembled alkanethiol monolayer of fi ber optic probe through 
a heterobifunctional reagent. Streptavidin served as a versatile binding ele-
ment for biotinylated ssDNA. Th e ssDNA coated fi ber probe was evaluated 
as a nucleic acid biosensor through a DNA–DNA hybridization assay for 
a 30-mer ssDNA, which were the segments of the uidA gene of E. coli and 
labeled by QDs using avidin–biotin interaction. Several negative control 
tests revealed the absence of signifi cant nonspecifi c binding. It also showed 
that bound target DNA could easily be eluted from the sensor surface using 
SDS solution (pH 1.9) without any signifi cant loss of performance aft er more 
than 30 assay cycles. A quantitative measurement of DNA binding kinetics 
was achieved with high accuracy, indicating an association rate of 1.38×106 
M−1.s−1 and a dissociation rate of 4.67×10−3 s−1. Th e proposed biosensing 
platform provides a simple, cheap, fast, and robust solution for many poten-
tial applications including clinical diagnosis, pathology, and genetics.

Au Au Au

ATCI

RSH

RS-SR

ATCI acetylthiocholine

thiocholine

thiocholine (ox) (dimeric)

RSH

RS-SR

Au

CdTe QDs

AChE

Figure 7.17 Schematic illustration of amperometric AChE biosensor for sensitive 

determination of carbaryl based on the immobilization of AChE to cysteamine self-

assembled monolayer and CdTe QDs composite interface [86].
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Two new classes of QD-mediated biosensing methods have been devel-
oped to detect specifi c DNA sequences in a separation-free format. Both 
methods use two target-specifi c oligonucleotide probes to recognize a spe-
cifi c target [90]. Th e fi rst method is based on cross-linking of two QDs with 
distinct emission wavelengths caused by probe-target hybridization. Th e 
second method uses QDs as both fl uorescent tags and nanoscaff olds that 
capture multiple fl uorescently labeled hybridization products, resulting in 
amplifi ed target signals. Th e presence of targets is determined according to 
spatiotemporal coincidence of two diff erent wavelength fl uorescent signals 
emitted from the QD/DNA/probe complexes. With a single wavelength 
excitation, dual wavelength emission confocal spectroscopic system, the 
fl uorescent signals can be measured with single-dot/molecule sensitivity. 
Compared with other NP-based, separation-free assays, this method shows 
advantages in simplicity, testing speed, and multiplexed applications.

7.5 Conclusion

Nanotechnology has been widely and successively applied in the fi eld of 
sensing of drugs and biological molecules. Several kinds of nanosensors 
were used such as the following:

1. CNTs which off er high mechanical strength, thermal con-
ductivity better than all but the purest diamond, and 

Adding target strand

Cross-linking

(a)

(c)(b)

Organic

fluorophore

Coupling
Sandwich structure

Biotin

Green channel

Red channel

Time

Green channel

Red channel

Time

In the presence of targets:

In the absence of targets:

Detection volume

Figure 7.20 Schematic concept of two QD-mediated biosensing methods. (A) A 

cross-linking system using two QDs with distinct emission wavelengths. (B) Organic 

fl uorophore-labeled sandwich structures coupled to a QD. (C) Coincidence detection: 

Th e coincident signals (marked with dash lines) are detected in the presence but not the 

absence of specifi c targets [90].



268 Advanced Bioelectronic Materials

electrical conductivity similar to copper and unique chemi-
cal properties.

2. MNPs which have unique properties such as large surface 
area, high bioactivity, and excellent stability. In addition, it 
provides magnetic control of the bioelectrocatalytic process 
for the detection of analytes. Comparing with the magnetic 
polymer microspheres, magnetic inorganic NPs are more 
suitable for the fabrication of sensitive electrochemical bio-
sensors owing to its electro-conductivity, biocompatibility 
and easiness of synthesis.

3. QDs which have interesting optical and electronic prop-
erties, such as high quantum yield, high molar extinction 
coeffi  cients, broad absorption with narrow and symmetric 
PL spectra, large eff ective Stokes shift s, high resistance and 
exceptional resistance to photo- and chemical degradation.

Th e biomaterials to be sensed include a large variety of materials such as 
the following:

1. Glucose and cholesterol which are largely attributed to the 
human health and the food industry.

2. Phenolic compounds whose identifi cation and quantifi ca-
tion are very important for environment monitoring.

3. Some carbamate and OP pesticides which aff ect food, water 
and environment, and leads to a severe threat to human 
health.

4. H
2
O

2
 whose quantifi cation is justifi ed by the industrial, 

chemical and biomedical applications of this oxidant com-
pound. In addition, H

2
O

2
 constitutes a relevant biochemical 

mediator in many cellular processes, as well as a by-product 
of several oxidases with analytical applications.

5. DNA and nucleic acids sequences detection which are 
directed to gene analysis, clinical disease diagnosis, or even 
forensic applications.
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Abstract
A biosensor is characterized as sensitive,  cost-eff ective, and easy-to-use detec-

tion electrode, which can respond to the target object (e.g., biomolecular species 

and toxic candidates) in clinical diagnosis, environmental pollutants analysis, 

and pharmaceutical screening and transform the target concentration to more 

easily detectable electrical or optical signals. Due to the pH-sensitive solubility, 

fi lm-forming ability, and excellent biocompatibility, chitosan is unique and low-

cost polysaccharide biomaterial with plenty of amino groups that can immobi-

lize the biomolecules via physical and chemical interactions. However, the poor 

conductivity of chitosan is the main limitation for the immobilization of recog-

nizing agents on electrode in the construction of biosensor. Th is chapter pres-

ents versatile chitosan nanocomposite including nanoparticles (e.g., nano gold, 

silver, zinc oxide, carbon dot); nanotube and nanosheet have been incorporated 

into the chitosan to improve the conductivity of chitosan and the immobiliza-

tion effi  ciency of bioreceptor. Th is chapter has also summarized the progress on 

high-sensitive, reliable, selective, and low-cost biosensor based on chitosan nano-

materials. Th e biodegradable, implantable, wearable, wireless biosensor with aims 

of healthcare services, food safety, and environment protection would converge 

*Corresponding author: libq@hit.edu.cn
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on the bionanomaterials for immobilization of the specifi c and sensitive detec-

tion probes, electronic engineering for minimization and MEMS or microfl uidic 

devices, computer science for smart portable and cloud platform.

Keywords: Biosensor, chitosan, carbon nanoparticles, immobilization of 

bioreceptor

8.1 Introduction

Biosensor composing of transducer and sensitive bioactive molecules can 
quickly analyze specifi c targets qualitatively or quantitatively (e.g., biomo-
lecular species and toxic candidates) for clinical diagnosis, environmental 
pollutants analysis, and pharmaceutical screening, which transforms the 
target concentration to more easily detectable electrical or optical signals. 
Compared with the traditional analytic techniques (e.g., chromatography, 
atomic absorption spectroscopy, enzyme-linked immunosorbent assay), 
biosensor has the advantage of high sensitivity, short analysis time and low 
cost [1]. Hence, the interest in biosensor has increased over the past recent 
years [2]. However, challenges remain for the application of biosensors, 
such as eff ective immobilization of sensitive materials and the regeneration 
of the biosensor [3]. Due to the size eff ect and surface eff ect, nanomaterials 
are magic substances for improving the performance and capabilities of 
biosensor [4]. Chitosan is a biocompatible, biodegradable, and non-toxic 
natural polysaccharides derived from an abundant renewable resource. 
Biosensors based on chitosan nanomaterials have attracted the great inter-
est to successfully solve the problem of biosensor above-mentioned [5–8]. 
Based on the pH-responsive solubility, reaction activity, and chemical 
cross-linking contributed by of amino groups, the chitosan nanocompos-
ite was introduced for biosensor through blending, in situ hybridization, 
and chemical graft ing. We highlight the incorporation of versatile nano-
materials on biosensor, including carbon nanomaterials, metal and metal 
oxide nanoparticles (NPs), quantum dots (QDs), and ionic liquid (ILs) 
for purpose of improving the conductivity of chitosan fi lm and eff ective 
immobilization of bioreceptors, enhancing the sensitivity adaptability and 
selectivity DNA biosensor, enzyme biosensor, and immunosensor. Finally, 
emerging biosensors and the perspective of biosensor are highlighted.

8.2 Chitosan and Chitosan Nanomaterials

NPs integrated with specifi c probes can realize the monitoring and detect-
ing in real time and provide the signals related with specifi c targets [9]. 



Biosensor Based on Chitosan Nanocomposite 279

NPs allow for the noninvasive interactions bimolecular of cells, various 
nanomaterials have been reported, such as carbon nanomaterials, metal 
and metal oxide nanomaterials, semiconductor nanomaterials, and poly-
meric nanomaterials [10–13].

Among the natural biomedical polymers, chitosan is well-documented 
candidate in biomedicine because of the following advantages [7]. Chitosan 
is a low-cost biomaterial derived from abundant exoskeletons of crusta-
ceans and has plenty of amine groups and hydroxyl groups, which allows 
chitosan dissolving in acidic solution and provides reactive sites for che-
lation interaction, chemical modifi cation, and linkage of biomolecules or 
NPs [14]. Th us, chitosan and its derivatives have been widely used as scaf-
fold in tissue engineering, carrier in drug delivery system and immobiliza-
tion and linkage of bioactive substance for biosensor [15].

8.2.1 Physical and Chemical Properties of Chitosan

Linear chitosan chains contain the randomly distributed acetyl glucos-
amine and glucosamine units as shown in Figure 8.1. Chitosan is achieved 
by removing acetyl groups of chitin and when the degree of deacetylation 
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Figure 8.1 Schematic structure of chitosan and its favorable as biomaterials in biosensor. 

Chitosan is a natural-derived and biocompatible biomedical polymer with amino 

and hydroxyl groups. Amino groups in chitosan endow chitosan with pH-responsive 

solubility, immobilization of NPs and biomolecules via physical entrapment, chemical 

cross-linking or covalent linkage. Th e biocompatibility of chitosan allows increasing the 

biocompatibility of implanted biosensor.
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is larger than 65 mol% [16]. Deacetylation releases free amine groups (–
NH

2
) and endows chitosan with polycationic feature. Chitosan has a pKa 

value of about 6.0~6.7 [17]. Th e molecular weight and solubility of chito-
san strongly depend on the degree of deacetylation. Chitosan is a unique 
weak basic polysaccharide with amino groups [18]. Firstly, chitosan is 
soluble in acidic solutions when pH is below 6.5 due to the protonation 
of the amino groups. Th us, the solubility and positively charge density of 
chitosan depend on the pH, and it can absorb anions or neutral molecules 
by electrostatic attraction [19, 20]. Th e ionic conductivities of dry chito-
san membrane range from 10–10 to 10–9 S cm–1; however, in swollen state, 
the intrinsic ionic conductivity of chitosan reaches as high as 10–4 S cm–1 

[21]. Th e entire conduction of swelling chitosan occurs when the water 
was incorporated into the membrane. Besides, chitosan has good fi lm-
forming ability, it can form homogeneous fi lm aft er the solvent evaporated 
[22]. Due to these especial properties, chitosan has been extensively used 
for entrapment of NPs or biomolecules in the application of biomedicine 
and biosensor [23]. Moreover, chitosan also exhibits other special physical 
properties, such as viscosity, mucoadhesivity, polyoxysalt formation, poly-
electrolyte behavior, and optical property [24].

In the scheme of chitosan, the hydroxy group on the C2 of the cellulose 
is replaced by the amino group. Th us, chitosan have both amino group 
and hydroxyl groups in glucosidic residue [25]. Th e presence of amino 
group enables chitosan to synthesize nanocomposites and immobilize bio-
molecules for biosensors via covalent bonds or hydrogen bond between 
amino group and carboxyl group with many biomolecules (antibodies, 
enzymes, amino acids, and nucleic acids) or functionalized NPs [26]. Th e 
amino groups in chitosan bind with metal ions to form chitosan/metal ions 
complex via chelation eff ect to synthesize many chitosan nanomaterials 
[27–30]. Although the activity of hydroxyl groups in chitosan is weaker 
than the amino group, they can be activated with some active agents (e.g., 
carbodiimide) to form covalent bonds with amino groups in biomolecules 
[31], which provides another method for the covalent immobilization of 
biomolecules.

8.2.2 Biocompatibility of Chitosan

Chitosan exhibits excellent biocompatibility and has been approved by 
FDA, and is generally recognized as safe natural biomedical polymers and 
clinical application in hemostatic dressing [32]. In vivo, chitosan is primar-
ily modulated by lysozyme action during normal metabolism with degra-
dation products of glycosides, which are nontoxic, nonimunogenic, and 
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noncarcinogenic [33]. Th e rate of the degradation is strongly dependent on 
the molecular weight and degree of deacetylation [34]. Th e acute toxicity 
of chitosan is oral LD

50
 was 16 g/kg in mice [35]. Th us chitosan is candidate 

in tissue engineering and orthopedic implants or drug delivery [36–39].

8.2.3 Chitosan Nanomaterials

Th e poor conductivity of chitosan hinders the direct electron transfer 
between molecules and biosensing platform [40], limiting its applica-
tions of chitosan in biosensing. To address this, chitosan has been com-
bined with various nanomaterials for better electrochemical biosensing, 
such as carbon nanomaterials [carbon nanotubes (CNTs), graphene, and 
carbon dots (CDs)] [41–43], redox mediators [44], metal NPs [45], QDs 
[46], and ionic liquid [47] for electrochemical biosensing platforms. Th e 
nanomaterials exhibit many novel characteristics (e.g., good conductiv-
ity, large specifi c surface, excellent catalytic activity) [48–51]. Chitosan in 
combination with nanomaterials is a good candidate for biosensors [52]. 
Chitosan-based nanocomposites had been prepared by blending, in situ 
hybridization and chemical graft ing.

8.2.3.1 Blending

Under the condition of thermodynamic equilibrium, blending at least two 
materials in the amorphous state which may exist as a single phase, the 
obtained blend will be homogenous on a microscopic scale [53–55].

Th e poor conductivity of chitosan limits the wide applications in bio-
sensor. An eff ective approach for improving the conductivity of chitosan 
is to prepare chitosan nanocomposite by blending some good conductiv-
ity nanocomposite, such as carbon nanomaterials, metal or metal oxide 
NPs, and the procedure of the blending method was shown in Figure 8.2A. 
Jeyapragasam T et al. prepared a Fe

3
O

4
–chitosan nanocomposite by blend-

ing and the porous morphology of Fe
3
O

4
–chitosan nanocomposite was 

shown in Figure 8.3A [56]. Fe
3
O

4
–chitosan nanocomposite was favor for 

the eff ective immobilization of the acetylcholinesterase enzyme on elec-
trode. Magnetic chitosan nanocomposite was used for the construction 
of a sensitive square wave voltammetric biosensor to detect carbofuran. 
CNT–chitosan nanocomposite was obtained by blending CNT with the 
solution of chitosan under ultrasonic and the morphology of the CNT–
chitosan nanocomposite was shown in Figure 8.3B [57], in which chitosan 
was coated on the CNTs. Due to the good electrocatalysis and conductiv-
ity, CNT–chitosan nanocomposite modifi ed glass carbon electrode (GCE) 
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was used for the detection of H
2
O

2
. Figure 8.3C shows the TEM image of 

GR–CS nanocomposite, clearly clarifying the crumpled and wrinkled fl ake 
structure [58]. Th e electrochemical study of the GR–CS nanocomposite 
proved the unique two-dimensional nanostructure of graphene could ben-
efi t to the conductivity of the nanocomposite. Th e chitosan/graphene fi lms 
modifi ed GCE was applied to detect the concentration of rutin. Blending 
is the simplest strategy for chitosan nanomaterials by mechanically mix-
ing; however, the aggregation of NPs is still challenge, which is shown in 
Figure  .3A–C.

8.2.3.2 In Situ Hybridization

To address the aggregation of NPs in chitosan nanomaterials, the in situ 
hybridization strategy is proposed as shown in Figure 8.2B. Th e precursor 
solution of metal or metal oxide or graphene oxide is added into chito-
san solution, then the precipitant or reductant is dropped slowly in the 
previously chitosan solution to synthesize chitosan-based nanocompos-
ites. Chitosan hydrogel acts as a chemical reactor and provides a hydrogel 
environment for precursor of reductant or precipitant solution. Th e gra-
phene, metal, or metal oxide NPs are in situ synthesized in the chitosan 

Blending

(a)

(b)

(c)

Blending

Precipitant or

Reductant

Crosslinker

NP NH2   Amino functionalized NPs

Graphene oxide

Chitosan

Amino functionalized graphene

Amino functionalized CNTsCNTs

Graphene

NP precus or

Chemical grafting

In-situ hybridization

Figure 8.2 Schematic presentation of the three strategies for chitosan nanocomposite 

including blending usually accompanying with aggregation of NPs (a), in situ 

hybridization for homogenous chitosan nanocomposite (b), and chemical graft ing for 

form covalent bonds between chitosan and nanomaterials (c).
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Blending

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Chemical grafting

In-situ hybridization

3 m 500 nm 200 nm

100 nm 500 nm 500 nm

40 nm 100 nm 500 nm

Figure 8.3 Morphologies of chitosan nanocomposite via diff erent strategies, such as 

blending (A~C), in situ hybridization (D~F), and chemical graft ing (G~I). Fe
3
O

4
–

chitosan nanocomposite (scanning electron microscopy (SEM) image) (A) Reproduced 

with permission from T. Jeyapragasam and R. Saraswathi, Sensors and Actuators B: 

Chemical, 2014, 191, 681. ©2014, Elsevier [56]; CNTs–chitosan nanocomposite (SEM 

image) (B) Reproduced with permission from Y.-T. Shieh, Y.-C. Tsai and Y.-K. Twu, 

International Journal of Electrochemical Science, 2013, 8, 831. © 2013, [57]; graphene–

chitosan (GR–CS) nanocomposite (scanning electron  microscopy (SEM) image) (C) 

Reproduced with permission from J. An, Y.-Y. Bi, C.-X. Yang, F.-D. Hu and C.-M. Wang, 

Journal of Pharmaceutical Analysis, 2013, 3, 102. © 2013, Elsevier [58]; Fe
3
O

4
–chitosan 

nanocomposite (TEM image) (D) Reproduced with permission from Y. Wang, B. Li, Y. 

Zhou, D. Jia and Y. Song, Polymers for Advanced Technologies, 2011, 22, 1681. ©2011, John 

Wiley & Sons, Ltd. [59]; Fe
3
O

4
–chitosan nanocomposite (SEM image) (E) Reproduced 

with permission from L. D. Tran, B. H. Nguyen, N. Van Hieu, H. V. Tran, H. L. Nguyen 

and P. X. Nguyen, Materials Science and Engineering C, 2011, 31, 477. © 2011, Elsevier 

[62]; GR–CS nanocomposite (F) Reproduced with permission from D. Han, T. Han, C. 

Shan, A. Ivaska and L. Niu, Electroanal, 2010, 22, 2001. © 2010, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim [64]; Fe
3
O

4
–chitosan nanocomposite (TEM image) 

(G) Reproduced with permission from X. Liu, Q. Hu, Z. Fang, X. Zhang and B. Zhang, 

Langmuir: Th e ACS Journal of Surfaces and Colloids, 2008, 25, 3. © 2009,  American 

Chemical Society [65]; CNTs–chitosan nanocomposite (SEM image) (H) Reproduced 

with permission from D. Wan, S. Yuan, G. Li, K. Neoh and E. Kang, ACS Applied 

Materials & Interfaces, 2010, 2, 3083. © 2010, American Chemical Society [66]; GR–CS 

nanocomposite (TEM image) (I), Reproduced with permission from Q. Zeng, J.-S. Cheng, 

X.-F. Liu, H.-T. Bai and J.-H. Jiang, Biosensors and Bioelectronics, 2011, 26, 3456. © 2011, 

Elsevier [67].
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framework via reduction or precipitation reaction. Due to chemical reduc-
tion or co-precipitation, the distribution of nanocomposites in chitosan is 
well homogeneous than blending. Wang Y et al. had synthesized chitosan-
modified magnetite NPs by in situ hybridization [59–61]. Chitosan hydro-
gel was formed by glutaraldehyde or alkali treatment of chitosan solution. 
Th en, chitosan hydrogel was impregnated by the FeCl

3
 and FeCl

2
 solution 

to achieve chitosan–iron ions complex which acts as the precursor of mag-
netite. Finally, the complex was soaked in the NaOH solution and degra-
dation by lysozyme, chitosan/magnetite nanocomposite was achieved. Th e 
morphologies of the magnetite NPs modifi ed by chitosan were shown in 
Figure 8.3D. Th e magnetic NPs with a diameter of 10 nm were uniformly 
dispersed in the chitosan. Tran L et al. prepared Fe

3
O

4
–chitosan nanocom-

posite by in situ hybridization [62]. Th e chitosan solution containing FeCl
2
 

and FeCl
3
 with 1:2 (molar ratio) was dropped slowly into NaOH 30 wt.% 

solution to achieve Fe
3
O

4
–chitosan nanocomposite. As shown in Figure 

8.3E, the Fe
3
O

4
 NPs were well dispersed in the chitosan matrix. Th e cyclic 

voltammograms of chitosan and Fe
3
O

4
–chitosan screen-printed electrodes 

(SPE) were used to evaluate the advantages of nanocomposite. Th is nano-
composite exhibited excellent electroactivity and conductivity. Th e resulted 
nanocomposites were applied for the construction of a DNA biosensor 
based on SPE for the electrochemical detection of short HIV sequences. 
Th e silver–chitosan nanocomposite was synthesized by considering chito-
san acting as stabilizer and reductant for silver NPs [63]. Th e silver nitrate 
solution was dropped into a chitosan suspension to formation of Ag/
chitosan colloids confi rmed by coloration of the solution. GR–CS nano-
composite also can be prepared by in situ hybridization strategy. Chitosan-
functionalized graphene was synthesized by blending in combination with 
in situ chemical reduction [64]. In their research, hydrazine and ammonia 
were used to reduce the mixture of chitosan and graphene oxide for the 
preparation of GR–CS nanocomposite. Th e morphology of the composite 
in Figure 8.3F shows that chitosan molecules are tightly attached onto the 
surface of the graphene nanosheets. Th e GR–CS-modifi ed GCE with good 
catalytic activity was applied to detect the ascorbic acid, dopamine, and 
uric acid simultaneously.

In the case of in situ hybridization, the NPs were synthesized from ionic 
or soluble precursor in the chitosan hydrogel which guaranteed the well 
dispersion of NPs in the chitosan matrix. Th e synthesis of NPs or reduction 
process is simple and low cost similar to the blending. However, the in situ 
hybridization is only useful for the synthesis of graphene, metal, or metal 
oxide NPs–chitosan composites. During the synthesis of chitosan/metal 
oxide NPs including Fe

3
O

4
–chitosan nanocomposite, the alkali treatment 

limits the uptake of cell and drug during synthesis steps.
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8.2.3.3 Chemical Graft ing

Th e NPs were either entrapped by blending or in situ synthesized in chitosan 
by in situ hybridization; however, no covalent bonds between NPs and chi-
tosan were formed. Th us, the stability of the chitosan nanocomposite is not 
maintained during service. To form covalent bonds between chitosan and 
NPs, surface modifi ed NPs by graft ing several functional groups was chem-
ical graft ed on chitosan chains as shown in Figure 8.2C. Th e Fe

3
O

4
–chitosan 

nanocomposite with high adsorption capacity was obtained adding amine-
functionalized Fe

3
O

4 
NPs in chitosan solution and using glutaraldehyde as 

a coupling agent [65]. Th e TEM image of Fe
3
O

4
–chitosan nanocomposite 

was shown in Figure 8.3G. Th is nanocomposite provides a very effi  cient, 
fast, and convenient way to remove the heavy-metal ions in the pollution 
water. CNT–chitosan nanocomposite was constructed by carboxyl-func-
tionalized CNTs (CNTs-COOH) in concentrated nitric/sulfuric acid and 
subsequent acryl chloride-functionalized CNTs (CNTs-COCl) in thionyl 
chloride solution [66], respectively. Th en, the CNTs-COCl and chitosan 
were added to anhydrous DMF to achieve homogeneous and long-term 
stable CNT-chitosan nanocomposite. As shown in Figure 8.3H, the CNTs 
were uniformly dispersed in the chitosan, which enhanced the conductivity 
of chitosan. Meanwhile, chitosan improved the biocompatibility of CNTs. 
Th is composite was used for immobilization of glucose oxidase (GOD) to 
construct a glucose biosensor. Graphene was covalently linked with chi-
tosan with purpose of improving the biocompatibility and hydrophilicity. 
Chitosan–graphene nanocomposites for glucose biosensor was synthesized 
by chemical graft ing [67], in which chitosan was covalent bonded on the 
surface of graphene with fl ake-like wrinkled shapes (Figure 8.3I).

Th e new formed covalent bonds between chitosan and nanomaterials 
are favorable to maintain the stable conductivity of chitosan nanocompos-
ite and immobilization effi  ciency of bioreceptor. However, the complex 
steps, long period of time and high cost for chitosan nanocomposite are 
main drawbacks of chemical graft ing.

8.3  Application of Chitosan Nanocomposite in 
Biosensor

8.3.1  Biosensor Confi gurations and Bioreceptor 
Immobilization

Biosensor can proportionally respond the concentration of target ana-
lyte and transform the response to fathomable signals, such as optical, 
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electrochemical, or thermal signals [68]. Th us, according to the types of 
fathomable signals, biosensors are classifi ed into optical, electrochemi-
cal, and thermal biosensors [69]. Th e biosensors mainly refer to electro-
chemical biosensors. As shown in Figure 8.4, biosensor has been widely 
used in the analysis of cell culture, human blood, food, and environment 
pollution samples. Electrochemical biosensors are composed of two main 
parts: transducers (bioreceptor immobilized on electrical interface) and 
electronic system [70]. Bioreceptor usually includes nucleic acids, cells, 
antibodies, and enzymes, while electrical includes biochips, electrodes, 
and SPE. Based on the diff erent bioreceptors, biosensors can be catego-
rized as DNA sensors, whole-cell sensors, immunosensors, and enzymatic 
sensors [71]. Electronic system consists of an electrochemical workstation 
for signal producing and a computer for signal processing and displaying. 
Compared with the traditional analytical methods, the biosensors have 
many advantages, such as the quickly response, potential miniaturization, 
portability, and low cost.

Th e effi  cient immobilization of bioreceptor on the electrical interface 
is still a challenge in biosensor research [72]. Bioreceptor immobiliza-
tion provides a favorable environment for the maximum activity of the 
biological system [73]. Th us, the way of the bioreceptor immobilized is 
the main infl uence factor for the selectivity, sensitivity, and stability of the 
biosensor [74]. Th erefore, fi nding more eff ective methods for the immo-
bilization of bioreceptor is the valid way to improve the properties of bio-
sensors. Chitosan nanomaterials have many advantages, such as good 
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Figure 8.4 Th e elements of biosensor and chitosan nanomaterials used in the 

construction of biosensor.
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biocompatibility, conductivity, large surface, and fi lm-forming ability. 
Moreover, the amino groups and the positive charges of chitosan are key 
features for the immobilization of bioreceptor based on covalent linkage 
and physical absorption.

8.3.2 Biosensor Based on Chitosan Nanocomposite

Th e chitosan nanomaterials used in the construction of biosensor mainly 
include carbon nanomaterials–chitosan nanocomposite, metal and metal 
oxide–chitosan nanocomposite, QDs–chitosan nanocomposite, and ionic 
liquid–chitosan composite. Th e role of chitosan nanomaterials in the fabri-
cation of biosensor usually refers to the immobilization of bioreceptor and 
biological labeling.

8.3.2.1  Biosensors Based on Carbon Nanomaterials–Chitosan 
Nanocomposite

Th e carbon nanomaterials normally consist of CNTs, graphene, and 
CDs. CNTs are one-dimensional nanomaterials, graphene is two-dimen-
sional nanomaterial, and CDs are zero-dimensional nanomaterials [75].   
Compared with carbon nanomaterials, carbon nanomaterials–chitosan 
nanocomposite introduced the functional groups and charges of chitosan 
to the nanocomposite. Th us, it is suitable for the construction of biosensors.

Usually, there are only few carboxyl groups on the surface of CNTs. 
However, these carboxyl groups are not enough for the immobilization 
of biomolecules. And, the fi lm forming of CNTs on the electrodes is also 
very hard. Th e appearance of CNTs–chitosan nanocomposite success-
fully solved this problem. Zhang M et al. developed an ultrasensitive ECL 
immunosensor for prostate protein antigen (PSA) detection [76]. CNTs–
chitosan nanocomposite was prepared by blending method. Th en, AuNPs 
are adsorbed on the surface of this nanocomposite to form CNTs-CHIT/
AuNPs nanocomposite. As shown in Figure 8.5A, chitosan nanocompos-
ite was used for modifying SPCEs to immobilize antibodies of PSA. Th e 
analytical properties of the immunosensor were greatly improved by the 
dual-amplifi cation techniques. Th e CNTs–CHIT/AuNPs can absorb more 
antibodies than naked CNTs. Th e second anti-PSA was labeled by PtAg@
CDs which signifi cantly improve the ECL intensity (up to six times) than 
the naked CDs-labeled anti-PSA. Th e detection range and detection limit 
of the concentration of PSA are for from 1 pg mL−1  to 50 ng mL−1 and 
0.6 pg mL−1, respectively. Th is PSA-specifi c ECL immunosensor with high 
sensitivity provided a diagnosis tool for tumor marker detection.
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Th e electrochemical DNA sensor based on DNA hybridization was a 
simple and eff ective method for detecting short DNA sequences. Wang et 
al. prepared a new DNA sensor based on CNTs–CHIT composite modi-
fi ed GCE with the capture probe DNA [77]. Th e chitosan nanocomposite 
in the biosensor could not only anchor capture DNA on the surface of 
GCE eff ectively, but also make the electron transfer easier for the electro-
active molecules. Th e polypyridyl copper complex embedded in the nano-
composite was used as indicator which can distinguish double-stranded 

Figure 8.5 Biosensors based on chitosan nanocomposite. Sandwiched 

electrochemiluminescence (ECL) immunosensor with chitosan (CHIT)-functionalized 

CNTs modifi ed screen-printed carbon electrode (SPCE) for the immobilization of 

prostate-specifi c antigen (PSA)  antibodies for detecting PSA antigens (A) Reproduced 

with permission from M. Zhang, W. Dai, M. Yan, S. Ge, J. Yu, X. Song and W. Xu, 

Th e Analyst, 2012, 137, 2112. ©2012, Royal Society of Chemistry [76]; A dopamine 

biosensor with the electrocatalysis of CDs-CHIT modifi ed electrode (B) Reproduced 

with permission from Q. Huang, S. Hu, H. Zhang, J. Chen, Y. He, F. Li, W. Weng, J. Ni, X. 

Bao and Y. Lin, Th e Analyst, 2013, 138, 5417. ©2013, Royal Society of Chemistry [91]; A 

glucose biosensor based on cytochrome c (cyt c) and GOD co-entrapped in CHIT–Au 

NPs modified electrode (C) Reproduced with permission from Y. Song, H. Liu, Y. Wang 

and L. Wang, Analytical Methods, 2013, 5, 4165. ©2013, Royal Society of Chemistry [97]; 

A DNA biosensor for the detection of leukemia with probe DNA covalent bonded on 

CHIT encapsulated QDs platform (D) Reproduced with permission from A. Sharma, C. 

M. Pandey, G. Sumana, U. Soni, S. Sapra, A. Srivastava, T. Chatterjee and B. D. Malhotra, 

Biosensors and Bioelectronics, 2012, 38, 107. © 2013, Elsevier [107].
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DNA (dsDNA) from single-stranded DNA (ssDNA) in blood. Th e indi-
cator could eff ectively identify the complementary DNA, three-base mis-
matched DNA and non-complementary DNA. In another research, the 
immobilization of probe DNA on the modifi ed electrode was realized 
through covalent reaction between DNA and CNTs–chitosan nanocom-
posite with glutaraldehyde as an arm linker [78]. CNTs endow chitosan 
nanocomposite with high specifi c surface area and improve the electron 
conductivity of chitosan nanocomposite; meanwhile, chitosan is favor-
able to covalently immobilize the probe ssDNA through glutaraldehyde. 
Compared with other DNA sensors, this sensor obtained obvious advan-
tages on the hybridization rate and effi  ciency. Th e cross-linking spacer of 
glutaraldehyde not only improved the freedom degree of ssDNA but also 
increased its space density on the electrode surface. Besides, CNTs–chito-
san nanocomposite was also used in the fabrication of enzymatic sensors 
and nonenzymatic sensors [79–82].

Individual graphene sheets have extraordinary electronic transport 
properties [83]. But for reduced graphene, there was no functional group 
in its structure. Th us, it was not suitable for the application in biosensors. 
One possible route to harnessing this defect for application would be to 
incorporate graphene sheets in a composite material. Chitosan is the favor-
able candidate for the massive functional groups in its structure. Wen W et 
al. prepared a gas biosensor based on GR–CS nanocomposite with immo-
bilization of hemoglobin (Hb) for detection of nitric oxide [84]. GR–CS 
nanocomposite with porous structure was synthesized to achieve the rough 
surface with high specifi c area. Th e pores of the rough GR–CS provided a 
favorable platform for the immobilization of the Hb. Th e Hb bioactivity 
was eff ectively maintained owing to the 3D interconnect pore structure 
of GR–CS. Th us, the sensitivity of electrochemical biosensor was greatly 
improved. A direct electrochemistry biosensor which was used for detect-
ing hydrogen peroxide was proposed [85]. In the process of the construc-
tion of this biosensor, the Hb was graft ed on the GR–CS, which created a 
benefi cial microenvironment for retaining the bioactivity of the immobi-
lized biomolecules. Additional, the carbon lattice in the two-dimensional 
GR–CS was composed of many sp2-conjugated bonds.

Th e GR–CS can form on the electrode by direct electrodeposition. Th is 
method highly simplifi ed the process for the fabrication of biosensors. GR–
AuNPs–CS nanocomposite was obtained through electrochemical reduc-
tion of a solution containing graphene oxide, HAuCl

4
 and chitosan by a 

cyclic voltammetry procedure between –1.6 and 0.6 V [86]. Th e incorpo-
ration of graphene and AuNPs in GR–CS enhances electrical conductivity 
and chitosan has good fi lm-forming ability and water permeability. Owing 
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to combining the benefi ts of graphene, AuNPs and chitosan, the prepared 
sensor exhibited excellent response to Pb2+. Under the optimum condi-
tions, this sensor has a wide liner range from 0.5 to 100 μg L–1 and a detec-
tion limit of 0.1 ng L–1 in the detection of Pb2+. Th is sensor was successfully 
applied in the detection of Pb2+ in the polluted water for environmental 
monitoring. Moreover, GR–CS has also been applied in DNA sensor and 
immunosensor [87]. To design the microstructure of GR–CS-modifi ed 
electrode, He et al. prepared a GR–CS with multi-scale porous structure by 
ice segregation induced self-assembly technique [88]. Layered pores with 
size of 40~50 μm were formed by ice template, while micropores with size 
of 200~500 nm were formed by vacuum stripping. GR–CS with dual-mode 
porous structure could be used to immobilize biomolecules for the con-
struction of biosensors.

As a class of zero-dimensional carbon nanomaterials, CDs have recently 
received considerable attention for their excellent water solubility, bio-
compatibility, and good photo stability [89]. Th ese advantageous charac-
teristics make CDs especially useful for fl uorescent biosensing or imaging 
[90]. Compared with other electrode-modifi ed materials, the exploration 
of CDs as electrochemical sensors also has high selectivity and sensitivity. 
Huang et al. designed a new quantitative method for quick, simple, and 
sensitive determination of dopamine with chitosan–CDs nanocomposite-
based biosensor [91]. Th e process for the construction of the biosensor 
was shown in Figure 8.5B. CDs with carboxyl and hydroxyl groups were 
synthesized by microwaves. Th e hybrid fi lm of CDs and chitosan could 
signifi cantly enhance the electrochemical redox response of dopamine. 
Th erefore, compare with bare GCE, the prepared biosensor showed bet-
ter electrochemical response toward the detection of dopamine. A wide 
liner relationship between the oxidation peak current of dopamine was 
obtained.

8.3.2.2  Biosensors Based on Metal and Metal Oxide–Chitosan 
Nanocomposite

Metal and metal oxide nanomaterials were considered to have many 
advantages, such as superior conductivity, excellent catalytic activity, and 
good biocompatibility [92]. Th ey can combine with biomolecules by physi-
cal adsorption or weak chemical bonds. Th e resulted composites were not 
stable for the binding force was too weak. It is the main limitation for the 
application of metal and metal oxide nanomaterials in biosensors. While 
the synthesis of metal and metal oxide–chitosan nanocomposite success-
fully solved this problem.
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Gold NPs (AuNPs) are the most stable metal NPs with feasible link-
age of biological molecules, such as antibodies, enzymes, and nucleic acids 
[93–95]. Moreover, AuNPs have obvious electrocatalytic activity for many 
electrochemical reactions [96]. Based on the above reasons, AuNPs have 
been widely used in the fabrication of biosensors. In the year 2013, Song 
et al. designed a glucose biosensor by co-entrapping cyt c and GOD on 
AuNPs–chitosan nanocomposite [97]. As shown in Figure 8.5C, the gold 
NPs–chitosan nanocomposite was constructed on glassy carbon electrode 
by one-step electrodeposition, which provided a rough surface for the 
immobilization of GOD. Th e surrounding cyt c around GOD off ered a bio-
compatible microenvironment which could keep the biological activity of 
GOD successfully. Simultaneously, this nanostructure is better for the real-
ization of the direct electron transfer of GOD. Due to above advantages, 
the biosensor exhibited superior sensitivity, detection limit and linear 
range in the detection of glucose. Compared with the naked AuNPs and 
iron NPs (FeNPs), gold-coated iron NPs (Au@FeNPs) have super para-
magnetic property and good stability, for gold coating hinders the oxide 
of iron. Rooma D et al. designed the electrochemical biosensor based on 
CS-Au@FeNPs for detecting xanthine in fi sh meat. Th e CS-Au@FeNPs-
modifi ed pencil graphite electrode (PGE) was prepared by direct electro-
deposition with a solution containing CS-Au@FeNPs and electrolyte. Th e 
applied potential was between –0.37 and 0.6 V with a scan rate of 50 mV/s. 
Th en, xanthine oxidase was immobilized on the CS-Au@FeNPs-modifi ed 
PGE by covalent graft ing with glutaraldehyde as a cross-linker. Here, Au@
FeNPs were used as electron transfer mediator which enhanced the direct 
electrons transport between electrode and xanthine oxidase. Applying 
in detection of xanthine in fi sh meat, this biosensor exhibited a quickly 
response time of 3 s, and had a wide liner range from 0.1 to 300 μmol L–1 
and a low detection limit of 0.1μmol L–1. Due to these advantages, the pre-
pared biosensor was becoming a powerful tool for food monitoring [98].

Biosensors based on gold NPs–chitosan nanocomposite have to be inte-
grated with specifi c ligand molecule in order to gain molecular recogni-
tion ability. However, ligand molecules, including enzymes, antibodies, 
and nucleic acids, are expensive and vulnerable to the change of outside 
environment. In the meantime, anchoring procedure of the ligand mol-
ecules to surface of the nanocomposites may hinder the bioactivity of these 
molecules. In order to overcome the disadvantages, Liu et al. developed 
a new colloid-type sensor by using naked Au nanorods (AuNRs) depos-
ited on the surface of a colloidal chitosan carrier [99]. In their research, 
the stabilization of the bare-surfaced AuNRs in the presence of positively 
charged chitosan NPs colloids was achieved. Th e author found the reason 
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was the electrostatic attraction which ensures the stability for the resulting 
AuNR–chitosan colloids nanosuspension. Th e bare-surfaced AuNRs can 
generate a response of the analyte molecule by providing a pronounced 
spectral shift  of the SPR spectrum. Tuning the solution pH, the resulting 
colloidal nanoprobe was able to detect human serum albumin with high 
specifi city and sensitivity.

However, from the view of optical sensing, compared with Au NPs, the 
silver particles (AgNPs) are more desirable [100]. Besides, the shape of the 
NP also determines the sensitivity [101]. NPs with sharp shapes showed 
higher sensitivity refractive index than spherical NPs. Song and co-work-
ers reports the preparation of triangular AgNPs–chitosan nanocompos-
ite and its application in a surface plasmon resonance (SPR) biosensor 
[102]. Th is AgNPs–chitosan nanocomposite was prepared by blending 
the 3-mercaptopropinic acid-modifi ed triangular AgNPs with chitosan 
and glutaraldehyde which was used as a chemical cross-linking agent. Th is 
composite was casted on Au fi lm for modifying this platform for the bio-
sensor. Th e chitosan cross-linked by glutaraldehyde ensures the antibodies 
can be eff ectively immobilized on the sensing platform via covalent bonds. 
Th e high-sensitive response of triangular AgNPs in the nanocomposite for 
the changes of the refractive index leads to the excellent performance of 
this biosensor in the detection of bovine IgG.

Due to its advantage of improving the transport of electrons between 
biomolecules and the electrode, metal oxides NPs were good candidates 
for the immobilization of bioreceptors in the construction of biosensors. 
Among all kinds of the metal oxide NPs, Fe

3
O

4
 NPs were considered as one 

of the most interesting materials due to its excellent biocompatibility and 
super paramagnetic behavior. Singh et al. constructed an electrochemical 
DNA biosensor based on Fe

3
O

4
–chitosan nanocomposite for detection of 

Neisseria gonorrhoeae which was the pathogen of a sexually transmitted 
disease [103]. In their research, the Fe

3
O

4
/chitosan nanostructure com-

posite was formed onto ITO substrate by electrochemical approach. Th e 
biotinylated probe DNA was immobilized on chitosan–Fe

3
O

4
 nanocom-

posite-modifi ed ITO electrode with avidin as a cross-linking agent. Th e 
detection of N. gonorrhoeae was realized by the change of electrochemical 
signals which generates from the discriminating the mismatches between 
the DNA probe and the targets with methylene blue as a redox indicator.

Zinc oxidation NPs (ZONPs), which possess a variety of fascinating 
properties, such as superior specifi c surface area, high catalytic effi  ciency, 
strong adsorption ability, and chemical stability, are considered as potential 
candidates for biosensing. An amperometric biosensor based on ZONPs–
chitosan nanocomposite fi lm for the detecting triglyceride was constructed 
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by Narang J [104]. Th e ZONPs–chitosan nanocomposite was formed by 
simply dispersing ZnO NPs into transparent chitosan solution. Th e nano-
composite was casted on the surface of a Pt electrode to provide a platform 
for the immobilization of three kinds of biomolecules (lipase, glycerol 
kinase, and glycerol-3-phosphate oxidase). Th e above biomolecules was 
covalently immobilized onto the chitosan–ZnO nanocomposite fi lm with 
glutaraldehyde as a linker. Th e application of ZONPs–chitosan nanocom-
posite for the preparation of an amperometric biosensor has improved its 
performance in the detection of triglyceride in the terms of short response 
time, high sensitivity, and stability compared to earlier biosensors.

8.3.2.3  Biosensors Based on Quantum Dots–Chitosan 
Nanocomposite

QDs show the interesting application due to their optical properties, high 
catalytic effi  ciency, strong adsorption ability, and high surface activity 
[105]. Chitosan, as a natural cationic polysaccharide with abundant amino 
groups, off ers ample binding sites for QDs and biomolecules [106]. Th us, 
surface functionalization of QDs with chitosan has been widely used in 
biosensors. To high effi  ciency link DNA probe with QDs via chitosan, 
Sharmav A et al. reported the DNA sensor based on chitosan encapsulated 
QDs for leukemia detection [107]. As shown in Figure 8.5D, chitosan was 
covalently conjugated with thioglycolic acid-modifi ed CdTe QDs through 
amino-carboxyl reaction in presence of N-ethyl-N-(3-dimethylaminopro-
pyl carbodiimide) (EDC). Th en, the fi lm of chitosan encapsulated CdTe 
QDs nanocomposite was coated on ITO electrode by electrophoretic 
deposition. Glutaraldehyde allows amine-terminated DNA covalently 
immobilization onto decoration electrode with chitosan–CdTe nanocom-
posite. Th e nanostructure composite-modifi ed electrode exhibited wide 
liner range, high sensitivity, and stability in the detection of leukemia. A 
high ECL intensity biosensor based on CdSe QDs–graphene oxide–chi-
tosan nanocomposite was developed by Wang T. et al. [108]. Th e porous 
structure of graphene oxide–chitosan composite provided not only abun-
dant binging sites for the loading of CdSe QDs, but also large interface 
for electrochemical reactions on electrode. Especially, the amine groups of 
chitosan decreased the excitation energy of the ECL reaction which could 
enhance the ECL of CdSe QDs.

8.3.2.4 Biosensors Based on Ionic Liquid–Chitosan Nanocomposite

Ionic liquid (IL), a liquid electrolyte at temperature below 100 °C, consists 
of organic cations and various anions, such as imidazolium or pyridinium. 
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Th e features of IL favorable to the electrochemical biosensor include 
intrinsically high ionic conductivities, high electrochemical stability, and 
wide electrochemical windows. Ruan et al. designed a biosensor based on 
graphene–IL–chitosan nanocomposite with immobilization of myoglobin 
molecules for detection of trichloroacetic acid exhibited satisfying prop-
erties via direct electrochemistry and electrocatalysis [109]. Th e chitosan 
nanocomposite provides a gentle microenvironment for the direct electron 
transfer of myoglobin on the graphene–IL–chitosan-modifi ed electrode. 
IL–chitosan was used to modify GCE, and gold–platinum alloy NPs were 
subsequently deposited on modifi ed electrode by electrodeposition [110]. 
Finally, cholesterol oxidase was immobilized on the modifi ed electrode. 
Th e fabricated biosensor was used to detect cholesterol in biochemical 
analysis.

Diff erent kinds of chitosan nanocomposite constructed diff erent types 
of biosensors. Th e bioreceptors were immobilized on the sensing platforms 
by diff erent ways (physical adsorption, fi lm forming, covalent linkage, or 
electrodeposition). Th e summary of the analytical performance of the bio-
sensors based on chitosan nanocomposite above-mentioned was listed in 
Table 8.1.

8.4 Emerging Biosensor and Future Perspectives

Th e integration of biomaterials, information technology, and biosensor 
interfaces have led to the vision of implantable biosensor for monitoring 
personal health information and detecting the contaminant in food and 
environment. Based on biocompatible and biodegradable properties of chi-
tosan, development of detection and signal communication, emerging bio-
sensors, such as implanted biodegradable biosensor, wireless biosensor and 
wearable biosensor, have been developed to monitor the biomarker related 
with disease and personal health information. Schwerdt H et al. designed 
a fully passive microsystem that can wirelessly records and transmits neu-
ropotentials exclusively [111]. As shown in Figure 8.6A, this microsystem 
is implanted in human brain and it works by means of electromagnetic 
backscattering techniques, aff ording substantially simpler circuitry and 
potentially safer and more reliable approach for implantable wireless neu-
rorecording. Tolosa V et al. reported an implantable multi-electrode array 
microprobe for rapid glutamate detection [112]. Th e scheme of this device 
was shown in Figure 8.6B. For this biosensor, it used an iridium oxide ref-
erence electrode as an alternative to the common Ag/AgCl. Schazmann B 
et al. developed a wearable sodium sensor belt for real-time monitoring 
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The structure of the microsystem

A sodium sensor belt

Microsystem External signal

Neurons

(a)

(b)

(d)

(c)

Antenna

Electrodes

CV ports

CB CL

ISE Electrode for Na
+

Sweat pump fabric Potentiometer 

Wire connection

Control sensor

Control sensor

Tear duct

Common RE

Common sensor

PDMS eye model

Primary sensor

Primary sensor

Tear drainPET substrate

Large pads for electrical connection

Time (ms)

V
o

lt
a

g
e

Vm

Wireless fully passive backscattering neurorecording microsystem

A multi-electrode array format for glutamate

Wearable and implanted contact lens for tear

glucose monitoring

Figure 8.6 Emerging biosensors involved inter disciplinary, such as wireless fully passive 

backscattering neurorecording microsystem which was implanted in human head tissue 

in electronic engineering (A) Reproduced with permission from H. N. Schwerdt, F. A. 

Miranda and J. Chae, IEEE Transactions on Microwave Th eory and Techniques, 2013, 61, 

2070. © 2013, IEEE [111]; implantable micromachined multi-electrode array microprobe 

with four platinum electrode sites at the tip for utilization as a complete electrochemical 

biosensor for rapid glutamate detection (B) Reproduced with permission from V. M. 

Tolosa, K. M. Wassum, N. T. Maidment and H. G. Monbouquette, Biosensors and 

Bioelectronics, 2013, 42, 256. © 2013, Elsevier [112]; and fully biodegradable conduct 

polymers in material science; wearable sodium sensor belt consists of a sodium selective 

ion selective electrode integrated into a platform (C) Reproduced with permission from 

B. Schazmann, D. Morris, C. Slater, S. Beirne, C. Fay, R. Reuveny, N. Moyna and D. 

Diamond, Analytical Methods, 2010, 2, 342. © 2010, Royal Society of Chemistry [113]; 

the molded contact lens and its initial system test setup with a polydimethylsiloxane 

(PDMS) eye model (D) Reproduced with permission from H. Yao, Y. Liao, A. R. Lingley, 

A. Afanasiev, I. Lähdesmäki, B. P. Otis and B. A. Parviz, Journal of Micromechanics and 

Microengineering, 2012, 22, 075007. © 2012, IPO Science [114]. 
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sodium concentrations of sweat [113], in which a sodium ion-selective 
electrode was installed into a platform. Th is platform could be interfaced 
with the human body in sports (Figure 8.6C). Implanted biosensor can be 
chronically implanted while wirelessly transmitting and processing mas-
sive amounts of data are necessary. As shown in Figure 8.6D, Yao H et al. 
reported the smart contact lens integrated with an electrochemical for non-
invasively glucose sensor, in which activated and deactivated GODs were 
immobilized on transparent polyethylene terephthalate (PET) [114]. To 
real-time detect glucose concentration of tear wirelessly, sensor read-out 
circuit, antenna and telecommunication circuit were also integrated into 
contact lens. Th e detection of glucose concentrations with a range of 0~2 

M covers normal tear (0.1~0.6 M). Google also developed smart contact 
lens in form of thin, fl exible polymer to crack the mystery of tear glucose 
and measure it with greater accuracy. To design the patterned microstruc-
ture for construction of wearable biosensors, natural silk was used as tem-
plate to fl exible PDMS conducting membrane with high specifi c area and 
replicated silk-patterned microstructure [115]. Th e fl exible PDMS with 
silk-like structure can be integrated with the uniform free-standing ultra-
thin fi lm of single-walled CNTs to fabricate pressure sensors (e-skins). Th e 
application of e-skin in the detection of feather-light pressures presented 
superior sensitivity (1.80 kPa–1), very low detectable pressure limit (0.6 Pa), 
fast response time (<10 ms), and high stability (>67500 cycles). A wear-
able ultrathin membrane device, consisting of TiO

2
 nanomembrane, Au 

NPs and mesoporous silica NPs, could diagnose and treat some diseases 
caused by movement disorders. With the integration of some electronic 
components and drugs in this membrane, this wearable integrated system 
realized the diagnosis of diseases and then controlled the delivery of drugs 
on the basis of the diagnosis results [116].

Advancements in the fi elds of sensing chemistry, signal transduction 
mechanism, sensor fabrication technology, and data management will 
boost the development of biodegradable, implantable, wearable, wireless 
biosensor focusing on simultaneous detection of multiple species, mini-
mization of devise and integration of diff erent functional units. First, bio-
sensors capable of analyzing multiple components simultaneously can 
represent an interesting tool in biomedicine and environmental monitor-
ing. Biosensor based on large-scale biosensor array with detection areas of 
diff erent species will help to reveal the potential relationships of multiple 
components related with biofunctions, to shorten testing time and reduce 
sample volume. Second, miniaturization of analytical systems will handle 
low-volume samples, reduce reagent consumption, and increase sample 
throughput. Th e use of a miniaturized fl ow cell and a microsensor will be 
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the key to realize this purpose. Moreover, the intelligence and integration 
degree of the biosensor will be improved continuously. Th e future biosen-
sor will convergence nanobiomaterials with immobilized biomolecular, 
implanted biosensor with controlled biodegradation, wireless transition 
and diagnosis on portable devices, and collecting and processing the data 
automatically. Th e appearance of MEMS and microfl uidic chip makes bio-
sensor embedded into a microsystem with collecting, sampling, detecting, 
and processing units. Biosensor based on low-cost chitosan nanocompos-
ite and automated manufacturing technologies will accelerate the popu-
larity of aff ordable and reliable biosensor for healthcare, food safety, and 
environment protection.
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Abstract
Lipid membranes are two-dimensional fl uid nano-constructs in which prefer-

ably two monolayers are held together by non-covalent hydrophobic interactions 

of amphipathic molecules. Biological moieties (enzymes, ion carriers, receptors, 

DNA, etc.) are incorporated into the membranes to add functionality. Unlike 

other biosensor formats, lipid membrane platforms do not hold a straightforward 

function within the detection system, but, depending on carefully tuned phys-

ical chemistry, assume a multifaceted role balancing (a) superior physisorptive 

capabilities for embedding, immobilising, controlling and optimising bioelement 

function; (b) rapid signal transduction (milliseconds speed) and in-built ampli-

fi cation properties for translating the biochemical information to an electric sig-

nal; (c) high resolution capacity for enabling the identifi cation and quantitation 

of similar targets within one assay format; (d) multi-sensing potential at hosting 

diff erent biochemical systems within one probe and (e) the best-fi tting modelling 

of natural membrane systems for in-depth studies or drug permeability testing.

Th is review presents a critical overview of the membrane technology, putting 

emphasis on design, construction, modularisation, functionalisation and manip-

ulation for niche applicability. A strategic technology evaluation, based on the 

analytic hierarchy process (AHP) framework, is also presented, considering two 

future trajectories: the technology path and the science path.

Keywords: Graphene electrodes, electroanalysis, toxicants, health and environ-

mental monitoring
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9.1  Th e Lipid Bilayer Concept and the Membrane 
Platform

Lipid bilayers are two-dimensional fl uid nano-constructs in which two 
monolayers of amphiphilic molecules are held together by non-covalent 
hydrophobic interactions. Th e reconstituted bilayer appearing in the 1960s 
[1], evolved from the principles of colloid and interfacial chemistry, as dem-
onstrated in Hooke’s soap bubble (1672) [2], Langmuir’s fi lm balance (1917) 
[3] and Langmuir–Blodgett (LB) monolayers (1934) [4], received much 
attention on the promise of simulating the cell membrane with a view to 
exploring and exploiting its multifaceted and dynamic nature (Figure 9.1). 
Fitted early to the emerging biosensor trajectory, in concept and context 
[5], the advantages of the bilayer platform, as postulated in the majority of 
the 1990s papers, were strategically focused towards biomimicking for trace 
detection, investing on (i) the natural operational environment provided 
for membrane-bound proteinaceous moieties, (ii) the non-denaturing con-
ditions used for their coupling to the transducer and (iii) their thermody-
namically driven (but largely rampant) well-defi ned molecular orientation.

Th e artifi cial bilayer lipid membrane (BLM), assembled mostly on elec-
trochemical transducers, has been invariably adapted to reproduce the 
molecular mechanisms of natural membrane function, such as ion sensing, 
material transport, electric excitability, gated channels, antigen–antibody 
binding, phase shift ing and conformational re-arrangements (Fig. 9.2). 
An advantageous feature of the BLM platform lies in its versatile appli-
cability that enables easy device tailoring to operate diff erent biochemical 
schemes within one transducer set-up. Employing one type of transducer, 
a researcher can construct as many detectors as the number of biological 
elements (bioelements) that can be immobilised or attached on the lipid 
bilayer. For example, the same electrochemical BLM system can be:

• Adopted ‘as is’, in the analysis of mixtures of lipophilic herbi-
cides, the discrimination of which, at high resolution, is pro-
vided by the slight diff erences in their partition coeffi  cients 
(panel (e) in Fig. 9.2) [52].

• Loaded with hydrolytic enzymes to detect the correspond-
ing substrates via the pH shift ing resulted from the catalytic 
reaction (panel (b) in Fig. 9.2) [53].

• Modifi ed with antibody to detect the corresponding anti-
gen by monitoring the electrostatic alterations that accom-
pany complementation (panel (a) i n Fig. 9.2) [54]; similar 
bioaffi  nity mechanisms can be employed to monitor other 
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complexation reactions, e.g., of haemoglobin with carbon 
dioxide [55] or methaemoglobic with cyanides [56].

• Modifi ed with DNA to detect and diff erentiate hydrophilic 
pesticides (panel (d) in Fig. 9.2) [57].

• Incorporated with the membrane spanning gramicidin to 
detect ammonium ions (panel (c), case (i) in Figure 9.2) [58].

Th ese examples indicate briefl y the multiple roles that the bilayer plat-
form plays throughout one detection process, i.e., that of (a) the bioelement, 
(b) the support to other bioelements, (c) the (bio)chemical transducer 
and (d) the signal amplifi er. Although sensor’s sensitivity and selectivity 
towards a given analyte are endowed by the biological moiety (dependent 
on its affi  nity for the target), speed of response and reversibility rest on the 
lipid fi lm. In any solid-state sensor, analyte molecules have to diff use into 
and react with the bioelement component while any products of the reac-
tion must diff use out [59]. It, therefore, follows that the thinner the sens-
ing layer is, the less time this will take and thereby, speed of response and 
sensor reversibility may well be improved; ultra-thin fi lms make the use of 
even highly expensive bioelements (e.g., engineered receptors or DNA ) 
economically possible [60].

From an analytical point of view, BLMs are the basic platforms for ion-
channel recordings, since ion-channel moieties function only within a fl uid 
lipid bilayer. Th e on/off  gating of ion permeation through a single channel 
provides a novel tool for designing molecular sensing interfaces for ions. 
Other electrical signals, such as transmembrane potential, conductance 
and impedance are also analytically relevant for sensing ion species.

Th e impact of membrane science and technology upon many areas of 
biosensor and relevant research (such as material sciences, biochemistry, 
biophysics and engineering) is well acknowledged. Th e potential for tech-
nological applications, based heavily on the relevancy to natural processes, 
interests mostly the healthcare/life sciences industry and the energy/envi-
ronment sector [5], whereas (bio)electronics and manufacturing can be 
benefi ted by analogous concepts; e.g., liquid crystals platforms resemble 
the physical chemistry of lipid molecules but at a robustness that can with-
stand industrial manufacturing and harsh operational conditions [62].

Although there is no sharp distinction between them, membrane sci-
ence is concerned with understanding some phenomena, such as surface 
tension/properties, quantum eff ects or molecular assembly, and their infl u-
ence on the properties of the platform, whereas membrane technology 
aims to exploit these eff ects to create structures, devices and systems with 
novel and signifi cantly improved performance and functions due to their 
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nano-size. At times, the science part, rationally, preceded the technology 
part, even with very short lag times, but usually technology preceded sci-
entifi c explanation, especially for signal generation. Much of the pioneer-
ing and fundamental research had a strong Edisonian character: through 
trial and error, the many possibilities of the BLM-based biosensors have 
been disclosed, establishing a curiosity-driven, mostly opportunistic, era.

Indisputably, the work produced is novel, advanced, promising and well 
promoted through dedicated and specialised groups. Before the nanotech-
nology tools become available, researchers could use a bunch of macro-
parameters to manipulate lipid fi lms at angstrom (Å) dimensions. Despite, 
however, the commercialisation of other biosensor formats, in some cases 
successful (e.g., glucose meters), the transfer of the bilayer concept to mar-
keted devices still remains a distant prospect. Th e general notion that the 
inherent membrane fragility is the most critical obstacle to commercialisa-
tion is not entirely true [5, 61], yet it guided research towards more rugged 
systems. Th e misalignment of academy and industry may, also, critically 
involve science policies and research strategies. Th e structure of the sci-
entifi c network, especially in Europe, is such that knowledge production 
remains the scope of research. Within that framework research on mem-
brane platforms is very attractive: aft er more than 50 years of study, the 
bilayer concept has still some aspects to clarify, while, compared to other 
bio-research areas, lipid membrane technology requires fewer resources to 
provide fast a signifi cant academic output with a high scientifi c value [63]. 
Nonetheless, a market view requires engineering strategies and interdis-
ciplinary collaborations, quite common in the general biosensor domain 
but quite limited in the membrane sector [64]. At a glance, research over 
the lipid membrane platform structures a fl ourishing knowledge sector 
with an intense push basis, represented by the continuous knowledge dis-
semination through publications, but an internal (i.e., purely academic) 
pull-basis, where research targets are set by the involved researchers with 
minimal to none industry involvement.

In cases as such, the framing of the technological sector and the assess-
ment of the technology opportunities cannot be placed along future mar-
ket targets to evaluate the university–industry transfer mechanisms [63], 
but, inevitably, has to consider the self-regulating role of the research 
network that progresses the sector along certain dominant dimensions 
established ad hoc [5]. Th is analysis will highlight the sector’s technologi-
cal competences, but, more importantly, it will provide a measure of its 
absorptive and transformative capacity; while the former indicates the 
capability to recognise, value and assimilate exogenous technological 
change within its scope of research [65], the latter indicates its capacity 
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to constantly redefi ne the research objectives based on the endogenously 
produced knowledge [66].

Th is review presents a critical outline of the membrane technology, 
putting emphasis on design and construction approaches, state-of-the-art 
modularisation, functionalisation and niche applicability (proven or fea-
sible). Technology evaluation is based on the analytic hierarchy process 
(AHP) framework, considering two future trajectories: the technology 
path and the science path.

9.2 Strategic Technology Evaluation: Th e Approach

Th e AHP is a comprehensive framework for commercial technology evalu-
ation through three steps: technology characterisation, hierarchical mod-
elling and technology evaluation (Figure 9.3). Th e technology is evaluated 
against pre-set objectives by establishing a hierarchy of criteria and factors 
aff ecting these criteria over a range of technology alternatives. In order 
to adapt the model to academic output with an established commerciali-
sation potential, technology alternatives may be replaced by the internal 
technology barriers, i.e., drawbacks, disadvantages or knowledge gaps [5]; 
by addressing these drawbacks, the sector can satisfy the pre-set objectives 
and formulate effi  cient strategies for more realistic market targets.

When considering the lipid bilayer sector, one should be quite careful 
in setting the objectives. When researchers focus on knowledge produc-
tion, ‘technological competitiveness’ and not ‘marketability’ is the primary 
objective. Looking for criteria and factors, academic research places the 
emphasis on novelty, performance, reliability and the economic aspect 
driving the technological competitiveness. In academic endeavours, ‘eco-
nomics’ refer to the cost of intra-university research, limited by the estab-
lished infrastructure and institution policies and evaluated by the added 
(scientifi c) value created for knowledge improvement [67]. Lacking an 
external (i.e., industrial) assessment for this added value, the articulation 
of the last level on technology barriers should be based on self-referencing: 
how the involved researchers defi ne (directly or indirectly) and manage 
(experimentally or theoretically) the weaknesses of their research object. 
Allowing for a long time span, in order to normalise the input from past 
university traditions (methods, experiences and way of thinking) and 
reveal the sector’s own ‘scientifi c culture’, the examination of the body 
of publications, especially on how work is interrelated in space and time 
within and between research groups, would provide the paths that aggre-
gate research eff orts. Th ese paths structure the dominant dimensions of the 
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technology that could be evaluated in terms of their feasibility to achieve 
technological competitiveness.

9.3  Th e Dimensions of the Membrane-Based 
Technology

Currently, 12.4% of the global biosensor research output reports on mem-
brane platforms spanning a wide range of topics. Considering the 1980–
2013 period, co-classifi cation and co-word analysis of 5081 publications in 
the Th omson Reuters Web of Science database produced cognitive maps 
of the membrane-based biosensor domain and its aligning fi elds (see Ref. 

Body of publications 
on BLM-platforms

Dominant 
research paths

Co-classification & 
co-word analysis

Technology dimensions

Cluster 
analysis

Technology 
characterization

Technology evaluation

AHP
Criteria

- performance

- reliability

- economics

Factors 

pertinent to each dimension

Absorptive capacity Transformative capacity

Figure 9.3 Overview of the methodological framework within which the BLM constructs 

are reviewed and evaluated.
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[61] for a comprehensive description of the procedure); the taxonomic 
criterion was the focus of each research project, substantiated by the con-
tent of the resultant publication. Th ree research paths dominate, namely: 
modelling, fabrication and chemoreception (Figure 9.4). Th e development 
rate of these paths varies with time, depending on the impact of exoge-
nous inputs to research tendencies. Th e modelling path, accounting for the 
22.26% of the body of publications, provides the methods and tools for the 
estimation of the bilayer properties and for the elucidation of the underly-
ing mechanisms of signal generation. Th e fabrication path, covering the 
35.52% of the bilayer research, hosts all projects on bilayer assembly, pro-
posing methods, techniques, tools and set-ups; a proof of the bilayer struc-
ture is always provided, either electrochemical or biochemical, along with 
a verifi cation of its function, usually demonstrated as a small chemorecep-
tion event. Research along the chemoreception path, demonstrated at the 
22.38% of the published papers, utilises existing assembly techniques to 
produce and validate a complete detection method.

During the 1980s, the very sound physicochemical background and the 
simple lipid paint technique provided the necessary proof of principle to 
support exploratory studies and feed the artifi cial chemoreception poten-
tial. Th is fi rst period demonstrated feasibilities, mostly for biomedical 
applications, used physisorption to incorporate proteinaceous moieties, 
mostly enzymes and antibodies, and developed bilayer specifi cations, 
mostly on electrochemical parameters. A combination of the enormous 
technology potential and the limited number of researchers involved, 
pulled more players into the sector [63], evident by a sharp 55% increase 
in the 1990 publications and a steadily increasing trend thereaft er (Fig. 
9.4). Each new addition in the membrane biosensor network contributed 
new knowledge, experience and infrastructure that was rapidly absorbed 
within the sector and transformed into the next period’s scopes.

Th e inherent fragility of the bilayer necessitated a shift  towards fabri-
cation that during the next decade developed many methods, techniques 
and set-ups, linking lipid composition and assembly to stability. Th e more 
stable the constructs, the broader the applicability, dragging along the che-
moreception path. Th e number of bioelement classes expanded greatly 
(nucleic acids, DNA, receptors, aptamers, haptens, multi-arrays, etc.), 
whereas the range of chemical transducers broadened to include optical, 
acoustical, piezoelectric and conductimetric systems. Towards late 1990s, 
device engineering remained at bench scale whereas a trade-off  started to 
emerge: the more stable the lipid membrane, the more rugged, controllable 
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Figure 9.4 Main research trends in BLM platforms (top diagram), resulting from the 

higher taxonomic values (shown as percentages in the bottom schematic) of the context 

and content of the published works. Th e cumulative trend (♦) includes research on 

membrane modelling ( ), fabrication ( ) and artifi cial chemoreception ( ). Th ree shift s 

in the rate of publications are apparent, (a) (b) and (c), separating four phases: the early 

exploration phase (inset), the subsequent exploitation phase, the nanofabrication phase 

and the ongoing modelling and imaging phase. Each phase apprehended available (at the 

time) technologies, presenting drawbacks that pushed the path(s) forward.
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and reproducible the construction process but the less dynamic the bilayer 
and the less relevant to natural membranes.

At the advent of nanotechnology, new tools and sizes became available 
to support construction, shift ing considerably fabrication towards dif-
ferent engineering concepts. Th e next generation membrane constructs 
introduced the sector to the nano-era and its trajectories. Th e mid-decade 
rise in publications is due to a remarkable comeback of old concepts: 
the revisiting of the physiochemical background with advanced imaging 
techniques, and the revival of the ‘model membranes to assess membrane 
models’ objective, with special emphasis put on membrane energetics and 
permeation of pharmaceuticals.

9.4 Technology Dimension 1: Fabrication

In the simplest experimental set-up, a BLM is formed by spreading lipids 
onto a small aperture in a hydrophobic partition interposed between two 
aqueous solutions; changes in the membrane properties, such as electri-
cal potential, capacitance and current, can be monitored by reference elec-
trodes placed on either side of the membrane. A wide range of materials 
has been used, employing a variety of techniques for guiding thin fi lm for-
mation (Figure 9.5) in order to satisfy certain parameters of the membrane 
platforms that will not only expand the range of feasible applications, but 
will, also, support industrial engineering (Table 9.1). Following the shift s 
in the bilayer trend (Figure 9.4), initial eff orts involved the construction 
of freely suspended fi lms, the fragility of which triggered research towards 
supported platforms, the rigidity of which, aided, recently, by micro- and 
nano-tools, prompted research over the decoupling of the biomimetic 
membranes from the supporting surfaces. From the academic point of 
view, the easiest platforms require existing laboratory instrumentation and 
home-made devices to apply simple procedures utilising self-assembly, 
still amenable to limited control over both, the process and the properties 
of the produced membranes; better manageability requires expertise and 
expensive set-ups to support complicated protocols. Industry wise,   only a 
few attempts have been made to standardise procedures and deduce mod-
els to work on scalability.

9.4.1 Suspended Lipid Platforms

Th e original painting method [1], made use of several driving forces to 
guide lipid self-assembly towards thick (ca. 50 μm) bilayers that were 



Bilayer Lipid Membrane Constructs 323

dubbed ‘black’ as they appeared dark under refl ected light; a droplet of 
lipid solution in alkane solvent is released around the rim of a small (few 
hundreds μm in diameter) aperture (panel (a) in Fig. 9.5). A lipid mon-
olayer forms spontaneously between the organic and aqueous phases on 
either side of the lipid/solvent droplet; the fi lm is initially thick but thins 
spontaneously to the bilayer state in three stages [68]. In the fi rst stage, 
the major driving force is the Plateau–Gibbs border suction, which arises 
from the curvature of the annulus. Th e curvature is necessary to satisfy 
simultaneously the contact angles the border must make with the aperture 
and the fi lm, directly related to interfacial tension. Th e existence of the 
curved interface brings about a hydrostatic pressure diff erence across the 
fi lm which causes the fi lm to shrink (thin). During the second phase, as 
the fi lm approaches thickness of a few hundred Å, van der Waals’ attrac-
tion between the aqueous phases separated by the thin fi lm leads to the 
fi nal thinning to the bilayer thickness. When the opposing surfaces of the 
thick fi lm meet, there is a tendency for the opposed acyl chains on the 
lipid to interdigitate and to exclude the solvent molecules trapped in the 
fi lm. However, the tendency to ‘demix’ lowers the entropy of the bilayer 
and consequently raises the free energy of the system, giving rise to the 
third phase governed by an opposing force called ‘steric repulsive force’. 
Th e chemical potentials of the solvent and the lipid in the bilayer must be 
equal to those of the annulus when the fi lm reaches its local equilibrium. 
Because the annulus is much more massive than the bilayer, the solvent in 
the bilayer tends to come into equilibrium with the annulus.

Owing to the low success probability of membrane formation and the 
presence of the residual solvent that could denature proteins, the method 
was modifi ed to produce ‘solvent-less’ membranes [26, 44]: a lipid mono-
layer, spread on the air/water interface, is folded over an aperture (panel 
(b) in Fig. 9.5); lowering the electrolyte level at one chamber below the 
aperture, ‘paints’ the aperture with a monolayer, which zips up to a bilayer 
when the solution level is restored. Th e process can be aided by volatile 
hydrocarbons that are allowed to evaporate before the bilayer is formed.

Th e deposition of monolayers with the ‘tip-dip method’ [69–71], pro-
duces solvent-free bilayers with very short lifetimes. Th e tip of a glass cap-
illary (ca. 1 μm) is dipped in electrolyte solution prior to the spreading 
of lipids at the air/water interface (panel (c) in Fig. 9.5). When the glass 
capillary is risen, a lipid monolayer is deposited (transferred) on its tip as 
it passes through the lipid layer; the second monolayer is attached as the 
capillary is dipped again.

Suspended BLMs are prone to structural failure and collapse in response 
to even weak mechanical or electrical shock. Th is is a direct result of the 
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molecular thickness of the bilayer structure. Lipid membranes can undergo 
two basic kinds of instability: (a) rupture, leading to formation of pores or/
and fragmentation of the membrane and (b) buckling, resulting in bending 
or folding of the membranes [72, 73]. Th e rupture is usually due to growth 
of local disturbances of the membrane thickness (surface waves, holes and 
cracks, etc.); buckling can be induced by decreasing the membrane tension 
(e.g., by applying a compressing force to the membrane edges), as well as, 
by diff erent eff ects due to membrane asymmetry. In literature, the term 
‘stable’ is generally used to denote a membrane that does not change signif-
icantly some characteristic properties (structure, packing, etc.) during the 
action of external constraints or internal transformations within a certain 
characteristic time, e.g., the time of the experiment. Although these defi ni-
tions are reasonable and clear for basic experiments, they do not provide 
rigorous criteria for membrane instability and, further, they cannot clarify 
the fundamental diff erence between an ‘unstable membrane state’ and a 
‘stable one that continuously is changing state’.

Th e general conditions for stability of a system, particularly a mem-
branous one, are given by the thermodynamics: the membrane is stable 
when its free energy has a minimum value in the space of the independent 
thermodynamic variables [73]. Th is means that any infi nitesimal change 
of the independent parameters (pressure, temperature, electrical potential, 
surface tension, etc.) should lead to an increase of the free energy of the 
system. However, in many cases, as during protein function or fl ip-fl op, 
the membrane can be unstable with respect to some of the thermodynamic 
parameters, but the rate of change of the membrane state is so small that 
during the characteristic time-scale of the experiment, this membrane 
behaves as stable; that is the case of ‘meta-stable’ membranes.

Notwithstanding, membrane instability can be brought about by a vari-
ety of reasons [4], including osmotic pressure diff erence, hydrodynamic 
instability or dielectric breakdown that will alter the surface tension of 
the lipid fi lm leading initially to molecular re-arrangement and fi nally to 
membrane discontinuity. While the former does not alter substantially 
the functionality of the membrane, the latter is irreversible and results 
in terminal rupture [72, 73]. Th e organisation of the lipid fi lms into the 
bilayer structure during membrane formation plays an important role in 
the fi lm tolerance towards rupture, as the viscoelasticity properties of the 
fi lms are built-in and defi ned during the process of bilayer assembly [73]. 
Hence, at a phenomenological level, membrane stability is defi ned by (i) 
septum properties that provide the edge mechanical support and govern 
the solvent–fi lm equilibrium at the annulus [5] and (ii) the geometry of the 
lipid fi lm, determined by the membrane diameter to thickness ratio (d/t), 
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defi ned by the aperture thickness to diameter ratio (t
a
/d

a
) [54]. Ideal (theo-

retical) stability is achieved at small and thick apertures: considering a 50 Å 
bilayer thickness, a small diameter aperture favours substantially the fi lm 
geometry whereas the thickness of the platform helps maintaining a bulky 
annulus, i.e., stability requires a high t

a
/d

a
 at a low d/t. On the other hand, 

extremely small aperture diameter values will prohibit ion fl ow through 
the bilayer, whereas extremely thick platforms tend to favour multilayer 
structures.

9.4.2 Supported Lipid Platforms

Supported lipid bilayers (sBLMs) exhibit higher mechanical stability 
than the suspended fi lms. Th e construction methods developed range 
from simple self-assembly procedures to cumbersome, yet amenable to 
control, protocols. A variety of supports have been validated, including 
metals, porous materials, gels, glass, mica and silicon [55, 56, 58, 74–85]. 
Perhaps the easiest way to prepare a metal-supported bilayer is to dip a 
freshly tipped Tefl on-coated metal wire (e.g., Pt, Ag, Cu, Ni, stainless steel 
or other alloys) into a lipid solution and carefully transfer the wire (along 
with the attached lipid solution drop) into an aqueous solution [74, 75] 
(panel (d) in Fig. 9.5); depending on the diameter of the wire and the lipid 
composition, within 5–20 min a lipid bilayer is self-assembled onto the 
wire tip [55, 56, 58, 81–83]. Self-assembly might possibly proceed in two 
steps: the fi rst monolayer is anchored onto the support during immersion 
in the electrolyte solution, probably by colloidal interactions with an esti-
mated separation of about 10 Å [86], whereas the second is slowly self-
assembled on top of it; it follows that lipid movements within the anchored 
monolayer are restricted, whereas the outer layer is more ‘fl uid’. Th e pres-
ence of a water layer trapped between the lipid monolayer and the surface 
ensures lateral mobility of lipid molecules in the bilayer (fl uidity), which 
is an important property of the biological membrane [77]. Th is technique 
yields extremely stable platforms and has been used for the development 
of a variety of probes [55, 56, 58, 81–83] or interdigitated electrodes [87, 
88]; however, the metallic substrate precludes the ion translocation across 
the lipid bilayer and, thus, the use of transmembrane proteins, while com-
patible transduction set-ups are limited to two or three electrode systems, 
allowing for voltammetric or amperometric devices. Nonetheless, there are 
various optical and electrochemical analytical techniques that can detect 
interfacial events with an extremely high sensitivity, such as surface plas-
mon resonance (SPR) and quartz crystal microbalance with dissipation 
monitoring (QCM-D) [89, 90].
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More options are available from the LB technology that allows building 
up lamellar lipid stacking by transferring a monomolecular fi lm formed 
at the air/water interface onto any solid support. When all parameters 
are optimised, this technique corresponds to one of the most promising 
for preparing thin fi lms of amphiphilic molecules [91–96], as it enables 
(i) accurate control of the thickness and the molecular organisation, (ii) 
homogeneous deposition of the monolayer over large areas compared to 
the dimension of the molecules, (iii) transfer of monolayers on almost any 
kind of solid substrate and (iv) formation of hybrid bilayer structures with 
varying layer compositions. However, surface analysis revealed several 
defects in LB fi lms [97–99], such as disclinations, inhomogeneous crystal-
line domains, pinholes, collapsed domains, vacancies, trans-bilayers and 
lateral heterogeneities. Th ese defects can prevent applicability in molecular 
electronic devices which have specifi c functions at the molecular level.

Vesicle spreading (fusion) is a less instrument-demanding technique, 
where the lipid bilayer is formed on solid supports by rupturing unilamella 
vesicles on the supports. In this technique, small, large, or giant unilamella 
vesicles are injected onto a solid support (panel (e) in Fig. 9.5); the vesicles 
rupture spontaneously due to the oppositely charged lipids and the support 
surface to form the bilayer [77, 84, 85]. Bioelements can be incorporated 
into the sBLM during vesicle generation, i.e., prior to bilayer formation, 
or adsorbed onto the prepared bilayer membrane. Th e major drawbacks 
of liposomal deposition include excessive vesicles that need to be rinsed 
off  and susceptibility to membrane defects [100]. Moreover, both the pro-
cess of membrane deposition and the physical properties of the membrane 
strongly depend on ionic interactions between lipids and the support [101].

Th e applicability of sBLMs is restricted by their close surface proxim-
ity, which is an obstacle to incorporating large membrane-spanning pro-
teins under non-denaturing conditions. Besides, the higher, sometimes 
tenfold, background ion currents of the sBLMs compared to those of the 
suspended bilayers, hinder the recordings of channel activities. Th ese 
drawbacks have been overcome by tethering lipid bilayers to solid surfaces 
via a spacer unit [102] (panel (f) in Fig. 9.5). Th e commonly used tether-
ing layers are thiolipids [103] and silanelipids [104] containing spacers of 
gold and silicon oxide, respectively. Th e advantages of the tethered lipid 
bilayer (tBLM) platform are (a) the ionic reservoir underneath the mem-
brane and (b) the avoidance of direct contact of embedded proteins with 
the support surface. Th e main disadvantages refer to device engineering 
and functionality: as the tethering part requires a certain amount of space 
inaccessible to the bioelement, water or ions, precarious in situ insulation 
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or compartmentalisation should take place; in addition, the tethering mol-
ecules apply diff usional constraints to the membrane lipids restricting free 
movement and conformational transitions of both, the membrane and the 
bioelement. It follows that single-channel recordings with tethered mem-
branes are still no easy matter [105], so changes in impedance are oft en 
preferable as analytical signals that refl ect channel activities; alternatively, 
single-channel activities can be observed by increasing the electrical resis-
tance of tBLMs linked to a gold surface [106]. Even better, a proteinaceous 
surface (S-) layer lattice can be used as a stabilising and tethering structure 
[107]; this biomimetic approach adopts the supramolecular building prin-
ciple of most archaeal cell envelopes, composed of a plasma membrane and 
a closely associated S-layer lattice. Membranes (S-BLMs) can be stabilised 
either by an S-layer lattice attached in series or can be generated on S-layer 
lattices. Model membrane proteins and, also, membrane-active peptides 
can be incorporated into these composite structures and their biological 
function could be demonstrated on the single functional unit level.

Suspension and support can be simultaneously achieved in mixed lipid 
bilayers formed on porous substrates, where part of the membrane is sus-
tained in the pores and the rest is supported on the non-porous part of 
the substrate (panel (g) in Fig. 9.5). Th e total lipid membrane area would 
approximately span the aperture, yet only those areas in the pores would 
provide for conduction [52–54, 57]. Th e lipid confi guration, thus, resem-
bles a network of micro-fi lms that cover the whole available space increas-
ing manifold protein loading and expanding applicability to multi-array 
formats. A variety of micro- and ultra-fi ltration membranes [46, 52–54, 
57, 108, 109] and porous alumina [110, 111] have been used as porous 
supports. Polycarbonate fi lters [54, 106, 109] have been frequently used 
since they are characterised by a highly uniform series of holes separated 
by smooth, non-porous polymer; it is known that membrane formation is 
optimised by the relative smoothness and circular regularity of the support 
aperture [46]. However, the appearance of multiple pores too close to each 
other may comprise up to 30% of the fi lter area [54] leading to irregularly 
shaped apertures unfavourable for bilayer formation. In addition, some 
pores may not span the fi lter, manifested as wells of undetermined depth 
in the fi lter [54]; lipid solution trapped in these wells will be electrically 
inactive and will provide a sink for the lipid-soluble membrane stimulants 
added to the surrounding solution. Cellulose ester, polytetrafl uoropolyeth-
ylene (PTFE) and glass microfi ber (GF) fi lters have pores which are irreg-
ular in shape and vary greatly in size [54]. Various studies have shown that 
thick materials with dense and small-sized pores are more successful in 
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enhancing membrane stability without compromising functionality, since 
they provide for high aperture (pore) thickness to diameter (t

a
/d

a
) ratios at 

low membrane thickness to diameter (d/t) ratios [46, 54, 112, 113]. Th ese 
advances promise both, robust and packageable sensors with a greater 
variety of membrane receptors and ion channels and/or transporters as 
functional components. Th ey, also, fulfi l the miniaturisation requirement 
while allowing for easier control of low leakage current and parasitic capac-
itance that permits chip integration. Solution exchange, a prerequisite for 
physiology experiments [105], has been only achieved with lipid bilayers 
supported on porous membranes.

Hydrogels (e.g., agarose or chitosan) have oft en been used as supports 
for lipid bilayers [114–116] (panel (h) in Fig. 9.5). Polymer interlayers have 
a great potential for eff ectively decoupling lipid membranes from supports 
such as glass, gold, indium tin oxide or silicon devices [77]. Th erefore, 
numerous eff orts have been made to prepare suitable polymer cushions, 
physisorbed or chemically coupled to an underlying support and physi-
sorbed or chemically coupled to the lipid membrane on top. At the sim-
plest set-up, lipid solutions are deposited on top of precast gels to form 
solvent-containing salt-bridged bilayers (sb-BLMs). Polyethyleneimine 
(PEI) was used as an interlayer between a solid support and an amphiphile 
membrane [117]. Additionally, the polysaccharides dextran, cellulose [118, 
119] and polyacrylamide [47] were applied to prepare polymer-supported 
mono-layer lipid membrane and BLM.

Lipid membranes that are either completely or partially chemically 
coupled to the polymer cushion are regarded to be advantageous to mem-
brane stability, while increasing the accessibility of the bilayers to the bulk 
aqueous environment. Sandwiching a lipid bilayer between two gels gives 
a membrane-limited stability in air [120]. Still, several issues should be 
addressed and further improvements would be necessary for this tech-
nique to scale up: (a) cushioning increases the synthetic expense and con-
siderably reduce fl uidity [114] and protein coverage [116]; (b) cracking and 
shrinkage of the gel matrix due to aging can lead to serious problems with 
sensor responses [121]; (c) controlling or modifying in situ the membrane/
substrate spacing by varying the thickness of the interlayer polymer cush-
ion is extremely diffi  cult [114]; thus, sb-BLMs cannot be used in surface 
sensitive transducers, such as those using evanescent fi elds; (d) the electri-
cal analysis of single membrane channels requires a large ionic reservoir 
necessitating a polymer cushion of suffi  cient thickness [105]; and the use 
of polymers, which are soluble under particular conditions and otherwise 
form a water-insoluble gel, is a way to avoid this problem [116].



Bilayer Lipid Membrane Constructs 331

9.4.3 Micro- and Nano-Fabricated Lipid Platforms

Advances in lithography have enabled microfabricated devices to be cou-
pled with lipid bilayers. Two approaches have been extensively studied: (i) 
preparation of lipid bilayers in micro-apertures [122–124] and (ii) auto-
matic formation of lipid bilayers in microfl uidic devices [125–127]. Th e 
machining of apertures at μm dimensions limits bilayer undulations and 
satisfi es the geometry ratios for membrane stability [105]. Most of the 
apertures fabricated are vertically orientated (instead of laterally) resulting 
in formation of lipid bilayers in a horizontal plane. Although silicon, due to 
its well-established methods in microfabrication, is oft en used as a material 
to fabricate the apertures [122, 125], various hydrophobic materials, such 
as parylene sheet [128], polymethylmethacrylate [129], Tefl on [113] and 
Delrin [130] might prove more suitable to create a stable bilayer. Decreasing 
the size of the aperture, decreases electrical noise, as well [113]; however, 
apertures less than 40 μm allow external noise to become dominant.

Various techniques have been demonstrated to form suspended lipid 
bilayers on micro-apertures. Lipid painting is applied when the apertures 
are accessible from the outside [122], but reproducibility and success rates 
are low. Stretching [131] or air exposure [129] may be used to speed up 
the thinning process. Th e former technique slightly stretches out the lipid 
bulk by lift ing one chamber, whereas the latter exposes repeatedly the lipid 
bulk to air by removing and adding electrolyte into the chamber. When the 
apertures are inaccessible, vesicle spreading may be used, provided that the 
diameter of the vesicles is larger than the aperture to prevent their slipping 
through the aperture.

Automatic formation of solvent-containing lipid bilayers in microfl u-
idic devices was proposed by (i) solvent extraction through the walls of 
microfl uidic channels [126], (ii) assembling two lipid monolayers at the 
interface between organic and aqueous phases [132] and (iii) fl owing lipid 
solution and aqueous buff er alternately into a microfl uidic channel [125, 
127]. Simultaneous parallel recordings of alamethicin and gramicidin have 
been demonstrated [128], showing promise for multi-channel monitoring.

Droplet interface bilayer is a microfl uidics technique where a lipid bilayer 
is created by contacting two aqueous droplets respectively bounded by a 
lipid monolayer in a lipids/solvent mixture [133–138]: two independent 
aqueous droplets are being deposited into a lipid–solvent mixture (lipid-
out); alternatively, aqueous droplets containing lipid vesicles are being 
deposited into an organic solvent solution (lipid-in). In both approaches, 
the lipid monolayers spontaneously surround the aqueous surfaces orient-
ing lipid polar heads to the aqueous surface and the lipid tails to the organic 
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solvent solution. A lipid bilayer can then be formed by bringing the two 
monolayer droplets into contact by (i) dropping them directly next to each 
other [133], (ii) manipulating the electrodes that are attached to the drop-
lets [135] or (iii) using electrowetting on dielectric (EWOD) method [136].

Microfabrication off ers, also, many tools to engineer customised lipid 
surfaces. Patterning may proceed mainly via three approaches: (a) spa-
tial control of the deposition or the removal of lipid membranes involve 
the use of mechanical scratching [139], microcontact printing [140, 141], 
microfl uidics [142–144], micropipettes [145], scanning probe microscope 
tips [146], inkjet printer [147] and air bubble collapse [148]; (b) deposi-
tion of lipid membranes on pre-patterned substrates, i.e., surfaces with 
lipid diff usion barriers that force the separation of membranes into dis-
tinct areas, yields microarrays that permit high-throughput screening for 
drugs and proteins [149, 150]; (c) photolithographic modifi cation of lipid 
bilayers includes decomposition of lipid membranes by deep UV light and 
UV polymerisation of lipid bilayers [151]. Ease of fabrication, pattern size, 
stability and adsorptivity varies greatly among these approaches, yet they 
enabled studies in the electrophysiology fi eld, as immunological synapse 
formation [152] and signal transduction in cells [153].

Extension of these methods into the nano-scale has allowed capture of 
both microdomains and cytoskeletal barriers (154). While these methods 
off er a high degree of control over the barrier and substrate layout, they are 
expensive to use over large areas. Polymerisation of lipidic molecules in 
lyotropic, self-assembled aggregations (lamellar, cubic, inverted hexagonal, 
etc.) presents a more suitable alternative. Stabilisation of lipid vesicles by 
polymerisation of lipids has been studied in conjunction with the potential 
application for encapsulation of medicinal materials (drug delivery). Lipid 
molecules carrying various moieties (e.g., dienoyl, sorbyl, diacetylene) 
were synthesised and polymerised in situ within the bilayers. Upon poly-
merisation, the solubility of the bilayers in organic solvents or detergent 
solutions decreases [155, 156], along with the lateral diff usion constant 
and the permeation coeffi  cient [157], thus permitting imaging interro-
gation. Th e area fraction of polymeric bilayers can be regulated easily by 
changing the UV irradiation dose, allowing the engineering of customised 
composites with diff erent bilayers occupying nano-sized domains [154]. 
Th e resulting structures tend to be less well defi ned than those of other 
fabricated systems, but are highly eff ective in capturing the targeting and 
segregation of specifi c classes of biomolecules into the gel phase domains, 
which are relatively immobile [158].

Carbon nanotube membranes off er better defi ned and manageable 
structures. Transport through these membranes is primarily based on 
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ionic diff usion near bulk expectation, although gas fl ow and fl uid fl ow can 
be achieved; due to specular refl ection, and nearly ideal slip–boundary 
interface, respectively, transport can be modulated at the pore entrance 
using steric hindrance, electrostatic forces or biochemical state [159, 160]. 
Th ese nano-structures are mechanically far more robust than other plat-
forms, allowing for large-scale chemical separations, drug delivery, sensing 
or energy generation.

9.5 Technology Dimension 2: Membrane Modelling

A major challenge in membrane-based biosensing is the identifi cation of 
the mechanisms by which the biochemical event is converted into a signal. 
Most studies support the hypothesis that changes in the physical proper-
ties of the bilayer can have signifi cant eff ects on signalling dynamics. It 
has been recognised that mechanical and/or electrical perturbations of the 
lipid bilayer may lead to changes in static and dynamic properties of the 
membrane, such as membrane thickness [162], polarity [163, 164], sur-
face charge density [165, 166], structural order [165–167] and fl uidity [44, 
166]. According to the Gouy–Chapman–Stern model, the total electrical 
potential of a bilayer [168, 169] is made up of the transmembrane potential 
(ΔΨ), due to gradients in ion concentrations across the membrane, the sur-
face potential due to lipids with charged head groups (Ψ), and the dipole 
potential (Ψ

D
), which arises due to the alignment of dipolar lipid head 

groups and water dipoles in the interface region between the hydrophobic 
membrane interior and the aqueous phase (Fig. 9.6). Typical value for ΔΨ 
across the membrane of a resting cell is around 70 mV, corresponding to 
the electric fi eld strength of ca. 107 V/m inside the 50 Å thick membrane. 
In contrast, the dipole potential Ψ

D
 changes sharply across the head group 

area resulting in much stronger electric fi elds, on the order of 109 V/m. It 
is well established that the total transmembrane potential can modulate 
and even control functioning of various membrane proteins such as volt-
age gated ion channels [122, 163], enzymes [53, 170, 171], ligand gated 
channels [105, 113, 128, 129, 156], ion transporters [58, 78, 105, 120, 163] 
and, recently, gating charge eff ects [172]. Application of external potential 
ΔΨ in these systems governs, aff ects or triggers functional conformational 
transitions [173]; the stronger the electric fi eld of the dipolar potential Ψ

D
, 

the stronger the infl uence on the conformational dynamics of membrane 
proteins.
Th e transmembrane potential (ΔΨ) can be measured and controlled using 
electrodes [174]. A lipid bilayer membrane can be thought of as a biological 
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parallel plate capacitor, and this similarity has led to the extensive use of 
capacitance measurements to assess the area, thickness, and surface poten-
tial of cell membranes [161, 163, 174–177]. Notwithstanding, the Gouy–
Chapman–Stern theory neglects interfacial molecular structure, hydration 
and inter-ionic correlation eff ects, i.e., ion distribution in the diff used layer 
is assumed to be governed solely by coulombic forces between the ions and 
the interface; when membrane electrostatics is a cofactor in intermolecular 
interactions, the lipid bilayer interface should be dealt with carefully [178].
Th e interface is a conglomerate of lipid head groups, bounded ions and 
organised water molecules not easily described with macroscopic theories. 
Even the interface of one-component lipid bilayer is a region with com-
plex structure where many important physicochemical properties change 
dramatically. For example, when water concentration decreases, dielectric 
permittivity decreases dramatically [163], and dipole potential aff ects elec-
trostatic potential at the immediate vicinity of the membrane or within 
the interface. Th e presence of dipoles on the interface leads to qualitatively 
new eff ects. An electrically neutral surface induces an electrostatic fi eld 
if the dipoles density is not zero [179]. Charged lipid membranes usually 
have a charge density less than zero and a dipole density more than zero. 
If the thickness of the interface is small compared to the Debye length, 
the eff ective surface charge is determined only by the net charge density, 
whereas the potential is reduced to the classical Gouy–Chapman–Stern 
approximation. On the other hand, if the dipole density is suffi  ciently large, 
the eff ective surface charge depends on the thickness of the interface, as 
well as, the Debye length of the solution [163].

Simulations with molecular dynamics modelling techniques [173] aided 
substantially the elucidation of surface phenomena. Th ree approaches have 
been suggested, namely: atomistic, coarse-grained and water-free models. 
Th e most detailed modelling is presented in the atomistic approach, which, 
further to molecular structure, it can, also, describe intra- and inter-molec-
ular interactions, such as chemical bonds, electrostatic, and van der Waals’ 
forces [180–184]. Direct comparison with experiments, e.g., Nuclear mag-
netic resonance (NMR) [185], has shown the eff ectiveness and accuracy of 
such models. Some atomistic attempts to model supported platforms have 
been reported [180, 182, 184].

Coarse models use large sites with large interaction distances that usu-
ally result in overestimations. Most approaches make use of the Martini 
model developed over several years [186–188]; the model is considered 
more suitable for simulating supported platforms and uses one interac-
tion site to represent four heavy atoms on average. Water-free models 
have limited applicability in hydrophilic–hydrophobic interactions that 
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make the self-assembly process feasible; to compensate, these eff ects 
are implicitly represented in the lipid potentials [189]. Some models 
include, also, planarity potentials [187] that segregate tail particles and 
polar head particles to diff erent sides of an imaginary plane, or by using 
modifi ed cohesive forces among tail particles in order to keep the system 
planar [190].

Computer simulations, in principle, can calculate any physical param-
eters based on the confi gurations generated by a Monte Carlo or molec-
ular dynamics algorithm. Although modelling of suspended bilayers is 
straightforward, since most of these parameters can be experimentally ver-
ifi ed, supported platforms pose several issues that need to be resolved. For 
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example, the area per molecule can be, also, determined experimentally 
for the suspended systems [191]. For the supported formats, however, the 
simulations have to be performed with fi xed area per molecule and fi xed 
normal pressure which is set to ambient pressure; in eff ect, simulations use 
pressure–area isotherms under constant area but varying numbers of par-
ticles or fi xed number of particles and varying area [192]. Another example 
is seen in the thickness the bilayer, calculated from the density profi le: in 
the case of suspended bilayers, simulations have been proven accurate; in 
supported membranes, the asymmetry has to be considered and, in addi-
tion, the shape of the underlying density profi le has to be characterised in 
detail [193].

9.6  Technology Dimension 3: Artifi cial 
Chemoreception

Lipid bilayer constructs present a highly ordered structural organisation 
at ultra-thin dimensions that are well fi tted to micro- and nano-sensors or 
biochips. Th e functionalisation of lipid bilayer platforms can be achieved by 
the association of biological species presenting specifi c recognition proper-
ties, such as enzymes, antibodies, receptors or specifi c ligands, in order to 
develop ordered bioelement–lipid molecular assemblies, actually, forming 
supramolecular arrangements. In general, two approaches may be used, 
each presenting its own advantages and disadvantages, depending on the 
fabrication process, the biochemical system and the transduction system: 
liposome fusion and direct deposition. In the former approach [77, 84, 85, 
100, 101, 105, 129], bioelements, especially proteinaceous ones, are recon-
stituted into lipid vesicles, which are fused with a lipid bilayer by creating a 
salt gradient across the membrane. Th e salt gradient promotes the fusion of 
the liposomes at the surface of the bilayer because an effl  ux of water from 
the low-salt (trans) side through the bilayer into the vesicle induces swell-
ing and stressing of the liposome at the bilayer surface [194]. Th e procedure 
is more applicable to suspended bilayers separating two aqueous chambers 
with adjustable compositions. Liposome suspension is introduced into the 
(cis) chamber with a higher salt concentration; owing to the asymmetric 
salt gradient, a membrane potential is established driving the immobilisa-
tion process. Liposome fusion leads to spontaneous bioelement incorpora-
tion, though the probability of fusion is still a matter of great interest [105].

Direct deposition of bioelements has been reported in various versions, 
for both, suspended and supported platforms [44, 52–58, 69–71, 81–83, 
91–96, 156, 166, 171]; in eff ect, the bioelement is allowed to physically 
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adsorb onto or absorb into the membrane prior to or aft er the formation 
of the bilayer. Adsorbing the bioelement onto pre-formed bilayers [52–58, 
81–83] lies on the possibility of associating the bioelement with a hydro-
philic lipid surface or a hydrophobic lipid surface; nevertheless, the interac-
tions involved in this type of association are oft en too weak to prevent the 
release of protein molecules, which remains a major drawback, especially 
for fl ow-through set-ups [53, 54, 57], leading mostly to poor reproduc-
ibility of responses [59]. Gel-cushioned [114–120] or polymerised formats 
[155–157] may present better results as regards longevity but do not solve 
the problem entirely. In order to minimise desorption, some authors have 
suggested to covalently immobilise the bioelement on the fi lm surfaces by 
means of cross-linking agents [195–197], the avidin–streptavidin system 
[198, 199], organic and inorganic nanoparticles [200] and cell attachment-
promoting agents [201]. Th e fact remains, however, that covalent attach-
ment to the lipid structure may induce changes to the protein conformation 
which may cause a loss of its biological activity.

More controllable procedures are available with LB technology. Th e 
bioelement may be adsorbed onto the interfacial fi lm before transfer of 
the mixed proteo-lipidic monolayer and then super-imposed by the sec-
ond monolayer. Th is method is particularly suited to extrinsic peripheral 
proteins capable of associating with biological membranes or to anchoring 
proteins inserting themselves into one leafl et of a bilayer [105]. Th e pres-
ence, however, of the bioelement in the interfacial fi lm may aff ect its trans-
ferability properties [96]; for example, the surface pressure required for 
the transfer procedure may not be suitable for the bioelement association, 
leading to its disorption at high surface pressure, or the bioelement may 
hinder the adhesion of the monolayer on the substrate. Another alterna-
tive called ‘inclusion process’ allows the sandwiching of the bioelement in 
a hydrophobic or a hydrophilic environment while keeping the homoge-
neity of the supporting layers [96]. Th e lipid composition of the protective 
leafl et can be easily modifi ed, reproducing, to some extent the membrane 
asymmetry which can favour the physical retention of the bioelement and 
preserve its biological activity.

9.7 Technology Evaluation

Th e development of the artifi cial lipid bilayer has made it possible to study 
directly electrical properties and transport phenomena and harness these 
phenomena for designing sensors for a variety of analytes and measuring 
apparatuses for channel activities and drug parameters. Th e lipid bilayer is 
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a dynamic system that changes in response to external stimuli and should 
be considered in molecular and electronic terms: it is capable of supporting 
ion and/or electron transport while it gathers information, processes them 
and delivers a response based on that information. Undoubtedly, the body 
of knowledge produced over the years on model membranes is signifi cant, 
while the impact on electrophysiology is vast. Th e sector was fast to absorb 
new technological trends, successfully embedded in highly sophisticated 
tools for manipulating and monitoring membrane systems. Yet several 
issues remain unresolved: stability, engineering and cost. While stability 
requires intensifi cation of the science path, device engineering and cost 
reduction reside on the technology path.

Biomimicking rests on fl uidity which is fully demonstrated in fragile 
platforms. Fabrication is revealed as a critical parameter in membrane per-
formance and applicability since any desired property has to be built-in the 
bilayer during the self-assembly process. Supported platforms are usually 
more robust than suspended bilayers due to the strong interactions they 
have with their support. Lipid composition, bioelement immobilisation 
and membrane curvature can be controlled allowing for easy patterning. 
Conversely, the support restricts fl uidity and forces high packing densi-
ties usually unfi t for biological systems. Th e hydration layer between the 
bilayer and its support may be insuffi  cient to accommodate large bioele-
ments or retain their functionality; this may lead to the displacement or 
deformation of the bioelements, potentially leading to their adsorption 
onto the support or even their denaturation. Tethering or cushioning the 
membrane may reduce this problem to various extents, but the underlying 
support will always have some infl uence on the structural and functional 
properties of the lipid bilayer; further, the fabrication process may lead to 
relatively poor membrane integrity due to the presence of defects in the 
bilayer. Pore-suspending membranes may eliminate the eff ect of the sup-
port, preserving, at the same time, the advantages of the supported for-
mats. Micro- and nano-fabrication, if microscopically accessible, seem as 
an appropriate advancement for the production of nature-relevant plat-
forms with defi ned composition, structures and built-in properties.

Device engineering for industrial production is a fi eld of study largely 
unexplored. Essential improvement on the academy-to-industry transfer 
chain necessitates (i) optimisation of the technological routes of fabrica-
tion and validation of procedures; (ii) optimisation of methods for bio-
element deposition allowing for post-deposition treatment to control 
orientation and maximum loading; (iii) control of fi lm thickness, size, 
shape, and porosity; and (iv) modelling of the processes to allow for easy 
parameter control and scalability. Reaching the market might, also, require 
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‘stability’ to assume a co-notation other than reproducibility. A commer-
cial device should be characterised by adequate longevity, during both, 
storage and operation, maintenance protocols and fault diagnostics. Th e 
shelf- or operational life of the membrane-based biosensor is restricted by 
the lifetime of the immobilised bioelement; unless synthetic moieties are 
engineered, commercialisation may only become feasible for ready-to-use 
diagnostic kits.

Th e issue of cost should be carefully revised. Despite the ‘low-cost’ tag 
linked to almost all membrane-based biosensors published, the actual 
cost-per-data point remains high, even for academic set-ups unless a basic 
high-cost infrastructure is available. Even when the fabrication process 
becomes cost-eff ective, e.g., employing economies of scale, and the data 
provided by the sensor is of high quality, the recordings of picoampere 
currents in fi eld applications is only feasible with expensive instrumenta-
tion. Suffi  cient cost-reductions can be achieved by multi-array formats and 
high-throughput bilayer platforms. To that end, patterned platforms seem 
to have a higher probability to reach the market.

Notwithstanding, the design of membrane platforms should fi t the 
intended use bearing in mind that an inherent drawback of the lipid bilayer 
technique lies in the fact that the system in vitro could never represent the 
real physiological condition. Nature relies on complex hierarchical struc-
tures that are optimised in vivo (via gene activation, transcriptional control 
and hormonal function) to achieve the mechanical and physicochemi-
cal performance that each subsystem requires for optimising the whole 
super-structure. Seen in isolation, the change of each subsystem function 
is triggered by electrical current, ionic strength, phase transitions, channel 
switching, temperature fl uctuations, concentration and potential gradients, 
that can be easily simulated; the simulation, however, of the underlying 
entropy may be neither accurate nor easy: diff usion has to be replaced by 
bulk fl ow, viscosity by inertia, energy fl uctuations by thermal adaptations, 
membrane-protein dynamic assembly by immobilisation, and environ-
mentally controlled protein–analyte binding and dissociation mechanisms 
by pushing the sample towards the bilayer.

9.8 Concluding Remarks

For several years, self-assembly of lipid molecules received more and more 
attention because of their ability to spontaneously organise into nanostruc-
tures mimicking the living cell membranes. As attested by the number of 
papers quoted in this chapter, BLMs containing biological recognition 
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systems are suitable for designing highly sensitive biosensors, ion-channel 
recorders and drug-screening devices for minute investigations of biological 
processes at the molecular level. Although the physical and temporal insta-
bility of the bilayers remains an obstacle to their full exploitation, improve-
ments demonstrated in micro- and nano-fabricated platforms are expected 
to expand applicability in academic research and improve the commerciali-
sation prospects. Especially, the fi elds of membrane modelling and drug 
screening that have been recently set off  are very intriguing. What remains 
to be seen is an engineering view within the scope of the BLM research.
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Abstract
Biosensors are analytical devices with a sensing biological material including 

microorganisms, antibodies, enzymes, cell receptors, tissues, derived biomateri-

als, and, fi nally a transducing microsystem. Th e transducer is the main component 

in a biosensor that converts biological signal into a measurable electrical signal. 

Th e transducer component is comprised of electrochemical, optical, thermomet-

ric, magnetic, or piezoelectric material. Th e biosensors have got major importance 

in medical diagnosis, environmental monitoring, genetics, and food industry and 

defense applications due to their simplicity, high sensitivity, and practical usability 

for real sample analysis and on-spot analysis.

Diff erent categories of biosensors have been described such as electrochemical 

biosensors and more specifi cally nitrite electrochemical biosensing based on cou-

pled graphene and gold nanoparticles, optical biosensors using monoclonal anti-

bodies or plasmonic biosensors for ochratoxin detection, biosensors for pesticide 

residue detection, surface plasmon resonance detectors, electronic tongues, DNA 

biosensors for detection of genetically modifi ed organisms (GMOs) in food and 

feed, multichannel biosensors for detection of natural and artifi cial sweeteners, 

biosensor strains for toxofl avin detection, xanthine biosensors, nanostructured 

voltammetric biosensors, amperometric glucose biosensor based on layer-by-layer 
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fi lms of microperoxidase-11 and liposome-encapsulated glucose oxidase, aptamer-

based magnetic separation system as a sample preparation method for subsequent 

identifi cation and quantifi cation of the contaminant bacteria by real-time PCR, 

lateral fl ow biosensor for DNA extraction-free detection of Salmonella based on 

aptamer-mediated strand displacement amplifi cation and fi nally surface acoustic 

wave (SAW) biosensors for odor detection in the food industry.

Keywords: Biosensors, food detection, genetically modifi ed organisms

10.1 Electrochemical Biosensors

Graphene (GA), a two-dimensional single-atom-thick conjugated car-
bon network, has attracted tremendous attention recently (Allen et al., 
2010), because of its extraordinary properties, such as excellent electronic 
conductivity, large specifi c surface area, strong mechanical strength, and 
enhanced electrocatalytic activity.

Many nanomaterials such as Au (Goncalves et al., 2009), Pt (Guo et 
al., 2010), Pd (Sundaram et al., 2008), TiO

2
 (Williams et al., 2008), tin 

oxide (Paek et al., 2009), latex (Liu et al., 2010), and carbon nanotube 
(CNT) (Tung et al., 2009) were used to fabricate functional grapheme 
nanocomposites. Among them, gold nanoparticles (AuNPs) with unique 
properties provide suitable microenvironments for immobilization 
of biomacromolecules (Shan et al., 2010) and allow for direct electron 
transfer between redox-active proteins and bulk electrode materials 
(Pingarrón et al., 2008).

Biofunctionalized GA–AuNP hybrids were prepared by Jiang et al. 
(2014) using a facile approach of in situ growth, with homogeneous dis-
tribution of AuNPs on the grapheme nanosheets. Hemoglobin (Hb) was 
immobilized on the GA–AuNP composites to fabricate biosensors for 
determination of nitrite (NO

2
_). A pair of well-defi ned redox peaks was 

observed for Hb immobilized on the GA–AuNP hybrids with a formal 
potential (E0 ) of –0.314 V in 0.1 M phosphate-buff ered saline (0.15 M 
NaCl, pH 7.0). Th e novel biosensors exhibited many advantages, such as 
wide linear response range (from 0.05 to 1000 μM, R2=0.997), low detec-
tion limit [0.01 μM, a signal-to-noise (S/N) ratio of 3], high sensitivity 
(0.15 μA μM-1 cm-2), and excellent selectivity. Th ese constructed biosen-
sors were further used for determination of nitrite in pickled radish. Th e 
results obtained were in good agreement with those using spectrophotom-
etry based on the National Food Safety Standard (GB5009.33-2010), which 
indicates that these novel and sensitive biosensors have promising applica-
tion for determination of nitrite in food.
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Antiochia and Gorton (2014) described the development and perfor-
mance of the fi rst fructose biosensor based on a commercial screen-printed 
GA electrode (SPGE).

Screen-printed electrodes (SPEs) off er a number of advantages versus 
conventional electrodes as they are suitable for working with microvol-
umes and for decentralized assays and allow the development of mass pro-
duced portable, accurate, and reproducible sensors (Biscay et al., 2012). 
Th e electrode was modifi ed with an osmium polymer, which allowed the 
effi  cient wiring of the enzyme fructose dehydrogenase (FDH). Th e immo-
bilization of both osmium polymer and FDH was realized in an easy way. 
Aliquots of 10 μL Os polymer and 10 μL FDH were thoroughly mixed with 
poly (ethylene glycol) (400) diglycidyl ether (PEDGE) and deposited on 
the electrode surface and left  there to dry overnight. Th e biosensor exhibits 
a detection limit of 0.8 μM, a linear range between 0.1 and 8 mM, high sen-
sitivity to fructose (2.15 μA cm−2/μM), good reproducibility (RSD = 1.9%), 
fast response time (3 s), and a stability of 2 months when stored in the 
freezer. Th e proposed fructose biosensor was tested in real food samples 
and validated with a commercial spectrophotometric enzymatic kit. No 
signifi cant interference was observed with the proposed biosensor.

Th e self-assembly of layered molybdenum disulfi de–GA (MoS
2
–Gr) 

and horseradish peroxidase (HRP) by electrostatic attraction into a novel 
hybrid nanomaterial (HRP–MoS

2
–Gr) is reported by Song et al. (2014). 

Th e properties of the MoS
2
–Gr were characterized by X-ray diff raction 

(XRD), high-resolution transmission electron microscopy (TEM), elec-
trochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). 
UV–vis and Fourier transform infrared spectroscopy (FT-IR) indicate that 
the native structure of the HRP is maintained aft er the assembly, imply-
ing good biocompatibility of MoS

2
–Gr nanocomposite. Furthermore, 

the HRP–MoS2–Gr composite is utilized as a biosensor, which displays 
electrocatalytic activity to hydrogen peroxide (H

2
O

2
) with high sensitivity 

(679.7 μA μM-1 cm-2), wide linear range (0.2 μM–1.103 μM), low detection 
limit (0.049 μM), and fast amperometric response. In addition, the biosen-
sor also exhibits strong anti-interference ability, satisfactory stability, and 
reproducibility. Th ese desirable electrochemical properties are attributed 
to the good biocompatibility and electron transport effi  ciency of the MoS

2
–

Gr composite, as well as the high loading of HRP. Th erefore, this biosensor 
is potentially suitable for H

2
O

2
 analysis in environmental, pharmaceutical, 

food, or industrial applications.
Th ere is an increasing need to develop biosensors for the detection 

of harmful pesticide residues in food and water. Zhang et al. (2014) 
reported on a versatile strategy to synthesize functionalized GA oxide 
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(GO) nanomaterials with abundant affi  nity groups that can capture his-
tidine (His)-tagged acetylcholinesterase (AChE) for the fabrication of 
paraoxon biosensors. Initially, exfoliated GO was functionalized by a dia-
zonium reaction to introduce abundant carboxyl groups. Th en, N

a
,N

a
-bis 

(carboxymethyl)-l-lysine hydrate (NTA-NH
2
) and Ni 2+ were anchored 

onto the GO-based materials step by step. AChE was immobilized on the 
functionalized GO (FGO) through the specifi c binding between Ni-NTA 
and His-tag. A low anodic oxidation potential was observed due to an 
enhanced electrocatalytic activity and a large surface area brought about by 
the use of FGO. Furthermore, a sensitivity of 2.23 mA mM-1 to the acetyl-
thiocholine chloride (ATChCl) substrate was found for our composite cov-
ered electrodes. Th e electrodes also showed a wide linear response range 
from 10 to 1 mM (R2 = 0.996), with an estimated detection limit of 3 mM 
based on an S/N = 3. Th e stable chelation between Ni-NTA and His-tagged 
AChE endowed our electrodes with great short-term and long-term stabil-
ity. In addition, a linear correlation was found between paraoxon concen-
tration and the inhibition response of the electrodes to paraoxon, with a 
detection limit of 6.5 × 10-10 M. Th is versatile strategy provides a platform 
to fabricate GO-based nanomaterials for biosensor applications.

Th e immobilization of AChE within GA-based nanomaterials intro-
duced tremendous momentum to pesticide biosensor fabrication. A nano-
composite of chemically reduced GO and AuNPs with the assistance of 
poly(diallyldimethylam-monium chloride) (PDDA) for dispersion was 
synthesized for the immobilization of AChE by electrostatic interaction 
and ultrasensitive detection of paraoxon (Wang et al., 2011a). In another 
report on organo-phosphate pesticide detection, TiO

2
 and GA hybrids 

were developed for AChE immobilization by adsorption (Wang et al., 
2011b). Similarly, AChE was immobilized by adsorption within the hybrid 
of ionic liquid and GA (Li and Han, 2012). Th e immobilization method 
using specifi c binding was also developed for AChE in a GO/gold compos-
ite system, exhibiting great potential for specifi c binding immobilization in 
terms of repeatability and stability of biosensors (Liu et al., 2011).

AChE biosensor was developed through silica sol–gel (SiSG) immobi-
lization of AChE on the carbon paste electrode (CPE) and used as work-
ing electrode. AChE catalyses the cleavage of ATChCl (or substrate) to 
thiocholine, which was oxidized to give a disulphide compound by dimer-
ization at 0.60 V versus saturated calomel electrode. All the experiments 
were carried out in 0.1 M phosphate buff er solution (PBS) at pH 7.0 and 
0.1 M KCl solution at room temperature. Th e limit of detection (LOD) 
and limit of quantifi cation values were found to be 0.058, 0.044 and 0.194, 
0.147 ppm for Malathion and Acephate, respectively. Th e response of the 
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biosensor showed a good linearity range with an incubation time of 4 min 
for Malathion and Acephate, respectively. Th is biosensor was used for the 
direct determination of pesticides without any pretreatment and it requires 
less time for analysis (Raghu et al., 2014).

Two electrochemical biosensors for the detection of bacteria Aeromonas 
hydrophila are presented by Ligaj et al. (2014). A. hydrophila is a food-borne 
human pathogen of emerging importance, very oft en isolated from a vari-
ety of food products. Pathogenicity of A. hydrophila is associated with the 
presence of aerolysin gene (aerA); therefore, specifi c and eff ective tool for 
its detection is a DNA probe complementary to this gene. Such DNA probe 
at the sequence 5_GTCAAGACGGTGGTGGGCTG was designed and 
used as a sensing element in the presented biosensors. Th e detection layer 
of biosensor I was a gold electrode covered with self-assembled mono-
layer (SAM) consisting of mercaptohexanol and thiolated DNA probe. Th e 
detection layer of biosensor II was a CPE modifi ed with multiwalled CNTs 
(MWCNTs) containing covalently immobilized DNA probe. Th e composi-
tion of biosensors detection layers, a way of probe immobilization as well 
as all parameters infl uencing hybridization event including preparation of 
target DNA samples, contamination of non-complementary DNA were 
carefully investigated. Several electroactive hybridization indicators were 
examined with both detection layers and two of them were selected for the 
fi nal determinations: Hoechst 33258 (biosensor I) and daunomycin (bio-
sensor II). Upon hybridization of DNA probes immobilized in the detec-
tion layers of biosensors with the target DNA isolated from A. hydrophila 
peak currents were found to increase by 75–135% with the use of biosensor 
I and 34–92% with biosensor II. Both biosensors were used successfully for 
the detection of pathogenic strains of A. hydrophila in food samples (fi shes 
and vegetables), and it was established that the optimal DNA concentration 
in analyzed samples for the eff ective analysis was 2.0 μg cm−3 (biosensor I) 
and 0.8 μg cm−3 (biosensor II). All results obtained with both biosensors 
were correlated with results made by polymerase chain reaction (PCR).

Th e importance of the so-called reactive nitrogen and oxygen species 
(RNOS) in biology and food technology has been widely recognized. 
However, when these species are in excess, the steady state maintained 
by physiological processes is disturbed. At this point, the nitro-oxidative 
metabolic stress develops and its action in vivo over time leads to nitro-oxi-
dative reactions in food and in living organisms, but also results in chronic 
degenerative diseases. Analytical methods enabling the assessment of the 
total antioxidant activity of a biological sample or a plant extract is there-
fore largely sought aft er. Th e ability of biosensors for rapid and real-time 
analysis that decreases the assay time and the possibility of automated and 
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multi-analyte analysis at low cost has also allowed the quantitative and qual-
itative detection of RNOS. Among these RNOS, peroxynitrite (ONOO-) is 
a well-known infl ammatory mediator during a number of physiological 
and pathological processes. Consequently, many eff orts are under way to 
detect peroxynitrite in the biomedical fi eld. Th is urgent demand makes 
the development of ONOO- specifi c probes of great interest. Not only they 
can be useful for the detection of disease states, but they will also allow for 
a screening-type analysis of potential signal transduction pathways in the 
cells. Peteu et al. (2014) critically discuss the very latest advancements and 
the challenges in the fi eld of peroxynitrite biosensors and probes for in 
vivo and in vitro studies. Also, the main trends will be extracted, in order 
to chart the future directions and hence create an instrumental outlook.

Th e fi rst examples of peroxynitrite-sensitive electrochemical sensors are 
based on the reduction of peroxynitrite with polymeric fi lms of manganese 
(II) tetraaminophthalocyanine [Mn(TAPc)] (Xue et al., 2000; Sandoval 
Cortes et al., 2007) or manganese porphyrin [Mn(III)-[2,2] paracyclo-
phenylporphyrin] (Kubant et al., 2006).

Th e detection of contaminated food in every stage of processing required 
new technology for fast identifi cation and isolation of toxicity in food. 
Since eff ect of food contaminant are severe to human health, the need of 
pioneer technologies also increasing over last few decades.

In the study reported by Kumar et al. (2014), malonaldehyde (MDA) 
was prepared by hydrolysis of 1,1,3,3-tetramethoxypropane in HCl media 
and used in the electrochemical studies. Th e electrochemical sensor was 
fabricated with modifi ed glassy carbon electrode with polyaniline. Th ese 
sensors were used for detection of sodium salt of MDA and observed that a 
high sensitivity in the concentration range 1 × 10-1 M and 1 × 10-2 M. Tafel 
plots show the variation of over potential from –1.73 to –3.74 V up to 10-5 
mol/L indicating the lower LOD of the system.

Diff erential pulse adsorptive stripping voltammogram of glassy carbon 
electrode was used as working electrode for detecting various concentra-
tions of pure sodium salts of MDA.

10.2  DNA Biosensors for Detection of GMOs 
Nanotechnology

Recently, marine environmental pollution has become more and more 
serious due to oil spills or the collapse of nuclear power plant resulting 
in a massive release of hazardous materials to the ocean as was the case 
in Fukushima Daiichi. Th ese harmful radioactive materials are associated 
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with the random mutation of genes leading to deformity of individuals. 
So far, there has been no eff ective system for monitoring this marine pol-
lution. Th erefore, rapid detection of DNA mutations has become increas-
ingly important in a variety of fi elds including medical diagnostics and 
food safety. Herein, Zhou et al. (2014) reported a rapid, sensitive, qualita-
tive, and quantitative approach for DNA detection based on the magne-
tophoretic assay. Th e Au–magnetic microparticles (MMPs) nanocomplex 
was used to generate a color signal and uncombined AuNPs contributed 
an optical signal that could be directly quantifi ed by UV–Vis absorption 
spectroscopy of the supernatant aft er the sample was placed in a magnetic 
fi eld for 2 min. Th e linear relationship between signal intensity and the 
target DNA concentrations (0.1 nM–1.0 μM) was investigated and a limit 
of quantitation of 0.1 nM was achieved using this method.

Numerous platforms based upon nanomaterials have recently been 
developed for the detection of DNA sequences with regard to increased 
sensitivity and selectivity (Zhang et al., 2007; Liu et al., 2002; Zhou et al., 
2012; An et al., 2011; Zhou et al., 2013a; Zhou et al., 2013b; Meng et al., 
2009). A simple, sensitive, inexpensive, and quantitative approach for DNA 
detection has also been reported based on the optical properties of AuNPs 
and Fe

3
O

4
@AuNPs (Zhou et al., 2012).

Great progress has been achieved in the past few years in the develop-
ment of DNA sensors allowing for a simple, fast, and reliable DNA testing 
(Sassolas et al., 2008). DNA biosensors are the leading edge technology 
that focuses on simple, rapid, and inexpensive way of testing and repre-
sents an interesting alternative in detection of genetically modifi ed organ-
isms (GMOs) (Nica et al., 2004). Th e raw materials and the processed foods 
with GMOs contain an additional trait encoded by inserted gene (DNA), 
which produces additional protein. Th erefore, the presence of introduced 
DNA could be traced by its capture by a specifi c oligonucleotide probe 
(recognition layer) that is attached to the surface of the sensor.

Biosensors for GMO detection are categorized into optical, piezoelec-
tric, and electrochemical systems.

Surface plasmon resonance (SPR) is a powerful optical technique that 
can detect various biomolecular interactions happening at the interface of 
a thin gold-coated prism in contact with the analyte solution that fl ows 
through. Th e principle of this instrument lies on determining the refractive 
index changes occurring at the interface between materials with diff erent 
refraction indices such as a surface of the prism covered with thin metal 
layer (Arugula et al., 2014).

Mariotti et al. (2002) fi rst reported their application of a SPR-based bio-
sensor for screening analyses of GMOs. Target sequences P35S and T-NOS 
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that many GMOs have in common were detected. Synthesized 25-mer oli-
gonucleotides were fi rst immobilized onto 11-mercaptoundecanol and a 
carboxylated dextran modifi ed gold sensor chip. Hybridization at sensor 
surface between 25-mer P35S and T-NOS (concentration ranging from 
0.001 to 2.5 μM) and their fully complementary oligonucleotide probes 
were monitored.

Feriotto et al. also demonstrated the feasibility of SPR-based biospecifi c 
interaction analysis (BIA) for detection of soybean lectin and Roundup 
Ready gene sequences. Diff erent formats using Lectin or Roundup Ready 
oligonucleotide or PCR generated probes for detection against target 
single-stranded PCR products were all demonstrated to be useful. Lectin 
and Roundup Ready oligonucleotide probes with suitable length (13- and 
15-mer) showed more effi  cient hybridization with 21-mer target DNAs mon-
itored with SPR response (Feriotto et al., 2002). Moreover, PCR-generated 
probes were found to have better sensing performance than oligonucleotide 
probe upon hybridization with its complementary  single-stranded PCR 
products in terms of (fi nal RU–initial RU) values, and this method was far 
more effi  cient in detecting and quantifying GMOs (Feriotto et al., 2012).

Spadavecchia et al. (2005) studied hybridization processes of multiple 
oligonucleotides with complementary oligonucleotides (probe) immobi-
lized on novel photolithographic patterned gold substrates with SPR-based 
imaging equipment. Th iolated oligonucleotides probes (HS-ssDNA) were 
self-assembled onto gold trap by dropping method and morphology of the 
surface of substrate were observed with Atomic Force Microscopy (AFM) 
technique. A SPR imaging apparatus was used to observe the hybridiza-
tion between probes and complementary strand in real time. Th e proposed 
SPR biosensor with suitable generated samples and probe immobilization 
showed potential in detection of various GMOs (Spadavecchia et al., 2005).

Optical thin-fi lm biosensor chips were developed to detect unique 
transgenes in genetically modifi ed (GM) crops and SNP markers in 
model plant genomes (Bai et al., 2007). Later, this work was extended for 
detecting six GM maize lines (Bt11, Bt176, GA21, MON810, NK603, and 
T25). Hydrazine-derivatized chip surface of the biosensor was covalently 
attached with arrays of aldehyde-labeled probes to hybridize with biotinyl-
ated PCR amplicons. Later, the system was subjected to brief incubation 
with an antibiotin IgG HRP conjugate and a precipitable HRP substrate. 
Th is assay is extremely robust, exhibits high sensitivity (numbers) and 
specifi city, and could be extended to detect virtually all GMOs on the chip 
(Bai et al., 2010). Th e proposed sensor method consists of immobilization 
of biotin probe using streptavidin-coated magnetic beads (MBs) upon a 
platinum working electrode by activating the magnetic fi eld. Later, the 
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GMO target DNA was hybridized with the immobilized biotin probe and 
ruthenium(II) tris-bipyridal tris-(2,2’-bipyridyl) ruthenium (TBR) probe 
to form a sandwich complex. Hybrid with TBR reacts with tripropylamine 
TPA to emit light for ECL detection. Th e results indicate the sensor sen-
sitivity was 5 nmol/L of CaMV35S DNA. Th e calibration curve was stable 
and linear from 5 nmol/L to 5 μmol/L. Th e distinct diff erence between the 
non GM tobacco and GM tobacco Equivalent chain length (ECL) values 
were obtained which enables this sensor to be a simple, inexpensive, safe, 
sensitive, and reliable tool (Zhu et al., 2010).

To quantitatively trace the GM products, a chemiluminometric immu-
nosensor array for the detection of recombinant marker proteins expressed 
in GMOs, i.e., 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), 
neomycin phosphotransferase II (NPT II), and phosphinothricin aceth-
yltransferase (PAT), was constructed. Specifi c to each marker proteins 
respective monoclonal and polyclonal antibodies were raised and charac-
terized. Th e raised antibodies were then immobilized on predetermined 
regions of a glass slide for the sandwich-type immunoassays to be car-
ried out. At the bottom of the glass slides, photodiodes were located in an 
aligned arrangement to the immobilized antibody sites such that the light 
signals resulting from the immunoassays could be detected in situ. Th e 
sensor array developed was able to detect 1% GMO marked with EPSPS, 
which was the minimum content over the total content, and 3% GMOs 
labeled with NPT II or PAT under optimal conditions (Jang et al., 2011).

Novel methods were developed using surface-enhanced Raman spec-
troscopy (SERS) which is a fl exible tool for biological analysis due to its 
excellent properties for detecting wide varieties of target biomolecules 
including nucleic acids. SERS is powerful phenomenon involving inter-
action of light, molecules, and metal nanostructures to enhance Raman 
signals that can resolve the structures down to the single molecule level.

Recently, a novel method for detection of target 35S DNA was devel-
oped by combining magnetic separation (MS) and SERS. First, the target 
specifi c oligonucleotide probe was immobilized onto gold-coated mag-
netic nanospheres to form oligonucleotide-coated nanoparticles (NPs). 
Later, 5,5 -dithiobis (2-nitrobenzoic acid) (DTNB) was deposited on the 
nanorods to form a SAM followed by immobilization of the second oligo-
nucleotide probe on the activated nanorod surfaces to form sandwich lay-
ers. Target probes were then allowed to hybridize with the NPs. Th e system 
was fully optimized and the SERS analysis was done using 35S sequence of 
Bt-176 maize sample. Th e results showed working range of concentration 
from 25 and 100 nM with a detection limit of 11 nM. Th e total assay time 
was less than 40 min (Guven et al., 2012).
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Recent advancements have been made in SERS, surface-enhanced infra-
red spectroscopy (SEIRA), and surface plasmon-enhanced fl uorescence 
(PEF) spectroscopy (Hoppener and Novotny, 2012; Lal et al., 2008; Sharma 
et al., 2012; Dostalek and Knoll, 2008; Lacowicz et al., 2008) over the past 
years. Th is progress was accompanied with the implementation of plasmon-
ics to a range of analytical technologies for the detection of chemical and 
biological species that are relevant to important areas of medical diagnostics, 
food control, and security (Giljohann and Mirkin, 2009; Lazcka et al., 2007).

Surfaces of metallic fi lms and metallic NPs can strongly confi ne elec-
tromagnetic fi eld through its coupling to propagating or localized surface 
plasmons. Th is interaction is associated with large enhancement of the 
fi eld intensity and local optical density of states which provides means to 
increase excitation rate, raise quantum yield, and control far fi eld angular 
distribution of fl uorescence light emitted by organic dyes and quantum 
dots (QDs). Such emitters are commonly used as labels in assays for detec-
tion of chemical and biological species. Th eir interaction with surface plas-
mons allows amplifying fl uorescence signal (brightness) that accompanies 
molecular binding events by several orders of magnitude. In conjunction 
with interfacial architectures for the specifi c capture of target analyte on 
a metallic surface, PEF that is also referred to as metal-enhanced fl uores-
cence (MEF) represents an attractive method for shortening detection 
times and increasing sensitivity of various fl uorescence-based analytical 
technologies.

Review by Bauch et al. (2013) provides an introduction to fundamen-
tals of PEF, illustrates current developments in design of metallic nano-
structures for effi  cient fl uorescence signal amplifi cation that utilizes 
propagating and localized surface plasmons, and summarizes current 
implementations to biosensors for detection of trace amounts of biomark-
ers, toxins, and pathogens that are relevant to medical diagnostics and 
food control. In this work, electrochemical DNA biosensor was designed 
for routine screening of genetically GMOs. Th e idea was to construct a 
biosensor based on simple and satisfactory reliable solutions based on a 
21-mer single-stranded oligonucleotide (ssDNA probe) specifi c to either 
35S promoter or NOS terminator directly, without amplifi cation of ana-
lyzed DNA fragments with PCR. Th e gold surface electrode was modifi ed 
with a cysteamine SAM which allowed its amino group to covalently attach 
to the 5 -phosphate end of ssDNA probe with the use of activating reagents 
water soluble 1-ethyl-3(3 - dimethylaminopropyl)-carbodiimide (EDC) 
and N-hydroxy-sulfosuccinimide (NHS) (Tichoniuk et al., 2008).

Four modifi ed gene sequences from maize and GM maize were detected 
by multiplexed labeling with osmium tetroxide bipyridine ([OsO4(bipy)]). 
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Multiplexed labeling was performed by mixing the four target strands with 
the respective oligonucleotides 80% homologous to the central target rec-
ognition sequences to avoid the latter from binding of [OsO4(bipy)]. As a 
positive control, two probes SSIIb and ivrp were used to detect the starch 
synthase gene IIb and invertase gene of natural maize. Two other probes, 
CRY that detect the existence of the cry-Ia/b transgene within the sample 
and the probe 810 that detects the existence of the transgene at the MON 
810 in the GM maize genome were also used. Th e idea is to (a) detect the 
presence of maize (SSIIb and ivrp), (b) detect the presence of a specifi c 
transgene cry-Ia/b (CRY), and (c) detect the presence of the specifi c event 
Mon 810 (Duwensee et al., 2009).

Maize lineCBH351 (trade name StarLink*) contains a modifi ed cry9c 
gene (confers resistance to feeding damage of lepidopteran insects) from 
Bacillus thuringiensis subsp. and the bar gene (resistance against the herbi-
cide phosphinotricin) from Streptomyces hygroscopicus. Th e expression for 
both the genes are activated by the 35S promoter, and termination of tran-
scription for the cry9c and the bar gene are regulated by the NOS adenyl-
ation signal and the 35S terminator, respectively.

Ahmed et al. (2009) reported an effi  cient, accurate, and inexpensive rapid 
detection system which employs loop-mediated isothermal amplifi cation 
(LAMP) with higher effi  ciency than PCR for the detection of maize CBH 
351 variety (StarLink*). Th e amplifi cation samples were anchored with a 
redox-active molecule Hoechst 33258 [H33258, 20-(4-hydroxyphenyl)-
5-(4-methyl-1-piperazinyl)-2,50-bi(1H-benzimidazole)] and analyzed by 
a DNA stick (DS) which is integrated with a disposable electrochemical 
printed (DEP) chip using Linear sweep voltammetry (LSV).

In another embodiment, MWCNTs-doped polypyrrole (PPy)-based 
CaMV35S DNA hybridization was studied by QCM and EIS. Th e MWCNTs-
PPy-DNA system showed “signal on” behavior when the concentration of 
complementary target DNA was increased, with a corresponding decrease 
in the faradic charge transfer resistance (Rct). Th e sensor with MWCNTs-
PPy fi lms obtained a LOD as low as 4 pM as indicated by QCM data. In 
principle, this system can be suitable not only for DNA but also for protein 
biosensor construction (Truong et al., 2010).

It is imperative to select the right immobilization method and suitable 
matrix type for DNA probe immobilization to produce a high-perfor-
mance GM DNA biosensor. Th is is because the method and immobiliza-
tion matrix used may aff ect the nature of the immobilized DNA probes. 
An eff ective DNA probe immobilization and a compatible matrix with 
DNA probe would render an improved performance of the biosensor. On 
the other hand, the use of larger surface area materials allows more DNA 
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probes to be immobilized on the matrix to promote better sensitivity of 
biosensors.

Nanomaterials such as NPs and microspheres with three-dimensional 
structure have a wider surface area as the immobilization site of DNA 
probe (Mercoci, 2010) than one-dimensional structure membrane.

A regenerable electrochemical DNA biosensor based on a new type of 
acrylic microspheres and AuNPs composite coated onto a SPE has been 
successfully developed by Ulianas et al. (2014) for specifi c determination 
of the 35 S promoter from caulifl ower mosaic virus (CaMV 35S) gene 
in soybean. DNA probe was immobilized onto acrylic microspheres 
via covalent bonding. Th e presence of modifi ed gene in soybean can 
be detected via hybridization of CaMV 35S gene-modifi ed DNA with 
immobilized DNA probe, which was monitored by diff erential pulse 
voltammetry of anthraquinone-2-sulfonic acid monohydrate sodium 
salt (AQMS) as redox indicator during hybridization event. Th e peak 
current signal of AQMS was linearly related to the target CaMV 35S 
gene concentration over the range of 2 ×10−15 to 2 ×10−9M (R2 = 0.982) 
with a very low concentration detect limit (7.79 ×10−16 M). Th e recovery 
test showed satisfactory results of 94.6 ± 5.1–105.4 ± 4.9% (n = 5) when 
the biosensor was used for the determination of GM DNA sequences 
extracted from GM soybean samples. Th e DNA biosensor showed good 
reproducibility [relative standard deviation (RSD) below 5.0%, n = 5] 
and regenerability (RSD below 5.0%, n = 7). Th e biosensor response was 
stable up to 45 days of storage period at 4°C. Th e main advantages of 
this biosensor design are very low detection limit and capability of reus-
ing the biosensor for at least seven times aft er regeneration with mild 
sodium hydroxide.

Easy, sensitive, rapid, and low cost ochratoxin biosensors are strongly 
demanded in food analysis since ochratoxin A (OTA) is a widely diff used 
food contaminant, highly detrimental for human health. Todescato et al. 
(2014) described a novel plasmonic-based optical biosensor prototype for 
OTA. Th ey exploited the MEF phenomenon due to the silver fi lm over 
nanosphere plasmonic substrate. Since OTA could be present in diff erent 
food commodities, sensor performances have been tested on three  diff erent 
matrices (dried milk, juices, and wheat mix). Firstly, a common OTA 
extraction solvent and a labeling and detection protocol were defi ned for 
the analyzed matrices. Th en, the effi  ciency of the Ag-fi lm over nanosphere 
(FON) surfaces in signal amplifi cation for the detection of low OTA con-
centrations was defi ned. Using samples spiked with OTA-AF647 or with 
unlabeled OTA they were able to detect the mycotoxin at concentrations 
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lower than EU specifi cations of 0.5 μg/kg in wheat, milk and apple juice. 
Th e test performances are comparable to those of ELISA kits but the plat-
form presented here, once optimized, present some perspective advan-
tages, such as: low cost and time consuming, versatility of the protocol for 
the investigation of diff erent matrices, employment also in non-qualifi ed 
laboratories, small dimensions that allow its integration in a compact 
device for OTA on-site detection.

A novel electrochemical aptasensor based on glassy carbon electrode 
modifi ed with electropolymerized Neutral red and polycarboxylated mac-
rocyclic ligand bearing redox probe was recently appeared in the literature 
(Gennady Evtugyn et al.) for sensitive detection of afl atoxin B1 (AFB1). 
DNA aptamer specifi c for AFB1 with aminated C

12
 linker was covalently 

attached to terminal carboxylate groups of the carrier. Th e interaction 
with an analyte resulted in implementation of electrochemically inactive 
AFB1 in the sensing layer. As a result, the cathodic peak current of the 
probe measured by linear voltammetry decreased and the electron transfer 
resistance measured by EIS increased with the concentration of the analyte 
within 0.1–100 nM. Th e LOD was found to be 0.1 nM for voltammetric 
detection and 0.05 nM for EIS detection for 30 min incubation. Th e aptas-
ensor makes it possible to detect AFB1 in peanuts, cashew nuts, white wine 
and soy sauce with 85–100% recovery.

QDs could also be used to detect DNA sequences instead of fl uoro-
phores. A QD is a semiconductor particle (e.g., ZnS, CdSe, and CdS) that 
can be used as a fl uorophore (Bruchez et al., 1998; Medintz et al., 2005; 
Somers et al., 2007). Th ey are candidates for replacing conventional fl uo-
rescent markers such as rhodamine in biodetection assays and are more 
photostable and sensitive than an organic fl uorophore.

QDs can be used for in situ hybridization and immunolabeling in 
plants. Nanoarrays containing multiple features, such as a range of diff er-
ent proteins or small-molecule ligands, are diffi  cult to fabricate. Atomic 
force microscopy-based nanograft ing of DNA nanopatches allows 
nonspecifi c binding of nanograft ed DNA to proteins and antibodies. 
Th erefore, nanograft ed patches of ssDNA within a monolayer of protein-
repellent ethylene glycol-terminated alkylthiols were generated on a fl at 
gold substrate.

Subsequently, proteins covalently modifi ed with cDNA sequences were 
immobilized onto the nanopatch by means of DNA-directed immobiliza-
tion, thus producing detector for protein interaction studies. Interactions 
between the proteins and antibodies were assessed between nanograft ed 
patches by using atomic force microscopy. Th ese nanograft ed patches are 
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suitable for application in biosensing and fabrication of multifeature nano-
protein array (Bano et al., 2009).

Th e emergence of nanotechnology developments using nanodevices/
nanomaterials opens up potential novel applications in agriculture and 
food sector. Smart delivery systems, biosensors, and nanoarrays are being 
designed to solve the problems faced in agriculture sector. Similarly, food 
sector is also benefi ted through the use of smart biosensors, packaging 
materials, and nanonutraceuticals. Despite the great potential of nano-
technology in agri-food sector, people are ambiguous about use in food 
applications because of suspected potential health risks and environmental 
concerns. NPs, due to their unique characteristics, including small size, 
shape, high surface area, charge, chemical properties, solubility, and degree 
of agglomeration can cross cell boundaries or pass directly from the lungs 
into the blood stream and ultimately reach to all of the organs in the body. 
Th is is the reason why they may pose higher risk than the same mass and 
material of larger particles. Kumari and Yadav (2014) made an attempt 
to give an overview of nanotechnology developments in agri-food sec-
tor, risks associated with nanomaterials and toxicity regulations for policy 
framework.

Th e use of nanotechnology in the food industry is in its infancy but 
has the capability to introduce changes at all levels of food production, 
including nano-based food materials, active packaging, new delivery 
mechanisms for nutrients and agrochemicals, biosensors for food safety 
and many other potential applications (Chen and Yada, 2011; Cushen et 
al., 2012; Magnuson et al., 2011).

Nanotechnology off ers many potential advantages in the process-
ing and manufacture of foods: enhanced bioavailability, color, and fl avor; 
novel food textures; new delivery mechanisms; and access to biosensors to 
enhance food safety. In fact, many of the foods we have been consuming 
for centuries already contain nanostructures, leading many to assume that 
they are safe (Raynes et al., 2014). Th e extent to which novel nanostructures 
may aff ord new risks has not been adequately resolved, however, leading to 
concern within some consumer groups. Th ey used proteins as a case study 
to explore the current understanding of nanostructures in foods and the 
extent to which novel nanostructures may introduce new properties. It is 
well recognized that some protein nanostructures are toxic and are associ-
ated with disease, so there is legitimate concern as to whether such species 
should be deliberately introduced into our foods. Th is review highlights 
current literature on protein nanostructures in food and possible risks asso-
ciated with their use. Th ey aim to provide a balanced assessment to inform 
future decision-making regarding the utilization of nanostructures in food.
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Patulin is a toxic secondary metabolite of a number of fungal species 
belonging to the genera Penicillium and Aspergillus. One important aspect of 
the patulin toxicity in vivo is an injury of the gastrointestinal tract including 
ulceration and infl ammation of the stomach and intestine. Recently, patulin 
has been shown to be genotoxic by causing oxidative damage to the DNA, 
and oxidative DNA base modifi cations have been considered to play a role in 
mutagenesis and cancer initiation. Conventional analytical methods for patu-
lin detection involve chromatographic analyses, such as High Pressure Liquid 
Chromatography (HPLC), GC, and, more recently, techniques such as Liquid 
Chromatography/Mass Spectrometry (LC/MS) and Gass Chromatography/
Mass Spectrometry (GC/MS). All of these methods require the use of exten-
sive protocols and the use of expensive analytical instrumentation.

Th e conjugation of a new derivative of patulin to the bovine serum 
albumin for the production of polyclonal antibodies was described by 
Pennacchio et al. (2014), and an innovative competitive immune assay 
for detection of patulin is presented. Experimentally, an important part of 
the detection method is based on the optical technique called SPR. Laser 
beam-induced interactions between probe and target molecules in the 
vicinity of gold surface of the biochip lead to the shift  in resonance condi-
tions and consequently to slight but easily detectable change of refl ectivity.

Sensors are oft en organized in multidimensional systems or networks 
for particular applications. Th is is facilitated by the large improvements in 
the miniaturization process, power consumption reduction, and data anal-
ysis techniques nowadays possible. Such sensors are frequently organized 
in multidimensional arrays oriented to the realization of artifi cial sensorial 
systems mimicking the mechanisms of human senses. Instruments that 
make use of these sensors are frequently employed in the fi elds of medicine 
and food science. Among them, the so-called electronic nose and tongue 
are becoming more and more popular. Santonico et al. (2013) illustrated an 
innovative multisensorial system based on sensing materials of biological 
origin. Anthocyanins are exploited here as chemical interactive materials 
for both quartz microbalance (QMB) transducers used as gas sensors and 
for electrodes used as liquid electrochemical sensors. Th e optical proper-
ties of anthocyanins are well established and widely used, but they have 
never been exploited as sensing materials for both gas and liquid sensors 
in non-optical applications. By using the same set of selected anthocyanins 
an integrated system has been realized, which includes a gas sensor array 
based on QMB and a sensor array for liquids made up of suitable ion-
sensitive electrodes (ISEs). Th e arrays are also monitored from an optical 
point of view. Th is embedded system, is intended to mimic the working 
principles of the nose, tongue and eyes. Th ey called this setup BIONOTE 
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(for BIOsensor-based multisensorial system for mimicking NOse, Tongue 
and Eyes). Th e complete design, fabrication and calibration processes of 
the BIONOTE system are described herein, and a number of preliminary 
results are discussed. Th ese results are relative to (a) the characterization 
of the optical properties of the tested materials; (b) the performance of the 
whole system as gas sensor array with respect to ethanol, hexane and iso-
propyl alcohol detection (concentration range 0.1–7 ppm) and as a liquid 
sensor array (concentration range 73–98 μM (Santonico et al., 2013).

In recent years, CNTs have received widespread attention as promis-
ing carbon-based nanoelectronic devices. Due to their exceptional physi-
cal, chemical, and electrical properties, namely a high surface-to-volume 
ratio, their enhanced electron transfer properties, and their high thermal 
conductivity, CNTs can be used eff ectively as electrochemical sensors. Th e 
integration of CNTs with a functional group provides a good and solid 
support for the immobilization of enzymes. Th e determination of glucose 
levels using biosensors, particularly in the medical diagnostics and food 
industries, is gaining mass appeal. Glucose biosensors detect the glucose 
molecule by catalyzing glucose to gluconic acid and hydrogen peroxide 
in the presence of oxygen. Th is action provides high accuracy and a quick 
detection rate. Pourasl et al. (2014) studied and analytically modeled a 
single-walled CNT fi eld-eff ect transistor biosensor for glucose detection. 
In the proposed model, the glucose concentration is presented as a func-
tion of gate voltage. Subsequently, the proposed model is compared with 
existing experimental data. A good consensus between the model and the 
experimental data is reported. Th e simulated data demonstrate that the 
analytical model can be employed with an electrochemical glucose sensor 
to predict the behavior of the sensing mechanism in biosensors.

Th e non-specifi c binding of non-target species to functionalized surfaces 
of biosensors continues to be challenge for biosensing in real-world media. 
Th ree diff erent low-fouling and functionalizable surface platforms were 
employed to study the eff ect of functionalization on fouling resistance from 
several types of undiluted media including blood plasma and food media. 
Th e surface platforms investigated by Vaisocherova et al. (2014) included 
two polymer brushes: hydroxy-functional poly(2-hydroxyethylmethacry-
late) (pHEMA) and carboxy-functional poly(carboxybetaineacrylamide) 
(pCBAA), and a standard OEG-based carboxy-functional alkanethiolate 
SAM (AT-SAM). Th e wet and dry polymer brushes were analyzed by AFM, 
ellipsometry, Fourier transform infrared refl ection absorption (FT-IRRAS), 
and SPR. Th e surfaces were functionalized by the covalent attachment of 
antibodies, streptavidin, and oligonucleotides and the binding and bio-
recognition characteristics of the coatings were compared. Th ey found that 
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functionalization did not substantially aff ect the ultra-low fouling properties 
of pCBAA (plasma fouling of ~20 ng/cm2), a fi nding in contrast with pHEMA 
that completely lost its resistance to fouling aft er the activation of hydroxyl 
groups. Blocking a functionalized AT-SAM covalently with BSA decreased 
fouling down to the level comparable to unblocked pCBAA. However, the 
biorecognition capability of blocked functionalized AT-SAM was poor in 
comparison with functionalized pCBAA. Limits of detection of Escherichia 
coli O157:H7 in undiluted milk were determined to be 6×104, 8×105, and 
6×105 cells/ml for pCBAA, pHEMA, and AT-SAM-blocked, respectively. 
Eff ect of analyte size on biorecognition activity of functionalized coatings was 
investigated and it was shown that the best performance in terms of overall 
fouling resistance and biorecognition capability is provided by pCBAA.

10.3 Aptamers

Th e presence of pathogenic bacteria is a major health risk factor in food sam-
ples and the commercial food supply chain is susceptible to bacterial con-
tamination. Th us, rapid and sensitive identifi cation methods are in demand 
for the food industry. Quantitative PCR is one of the reliable specifi c meth-
ods with reasonably fast assay times. However, many constituents in food 
samples interfere with PCR, resulting in false results and thus hindering the 
usability of the method. Th erefore, Ozalp et al. (2014) aimed to develop an 
aptamer-based MS system as a sample preparation method for subsequent 
identifi cation and quantifi cation of the contaminant bacteria by real-time 
PCR. To achieve this goal, MBs were prepared via suspension polymeriza-
tion and graft ed with glycidylmethacrylate (GMA) brushes that were modi-
fi ed into high quantities of amino groups. Th e MBs were decorated with 
two diff erent aptamer sequences binding specifi cally to E. coli or Salmonella 
typhimurium. Th e results showed that even 1.0% milk inhibited PCR, but 
our magnetic affi  nity system capture of bacteria from 100% milk samples 
allowed accurate determination of bacterial contamination at less than 2.0 
h with LOD around 100 CFU/mL for both bacteria in spiked-milk samples.

Aptamers are oft en described as nucleic acid antibodies. Aptamers are 
highly selective and sensitive bioaffi  nity agents. Additionally, aptamer-
based technologies are oft en proposed as robust alternative biorecognition 
molecules with comparable specifi city and affi  nity to antibodies (Schlecht 
et al., 2006). Th ese comparison studies showed that both antibodies and 
aptamers could have affi  nity constants at nanomolar levels. Compared to 
antibodies, aptamers have higher stability to environmental factors and 
low production costs.
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Aptamers are selected by a combinatorial method completely in vitro, 
and therefore the selection technology can provide nucleic acid sequences 
binding to virtually any kind of targets. Th ese advantages created great 
interest in aptamers as the preferred bioaffi  nity molecule in biosensor 
development research for a range of sensor platforms (Mairal et al., 2008).

Th e selective detection of ultra trace amounts of OTA is extremely 
important for food safety since it is one of the most toxic and widespread 
mycotoxin. Here, Chen et al. (2014) developed a signal-on fl uorescent bio-
sensor for detection of OTA based on fl uorescent DNA-scaff olded silver 
nanocluster (AgNCs), structure switching of anti-OTA aptamer (Ap) and 
MBs, and demonstrate its feasibility in the application of detecting OTA 
in real samples of wheat. Th e method exhibits superior sensitivity with a 
detection limit as low as 2 pg/mL OTA with high specifi city. To the best 
of our knowledge, this is the fi rst attempt to detect OTA based on DNA-
scaff olded AgNCs, which possesses relatively high-fl uorescence quantum 
yield and photostability with regard to traditional organic dyes and QDs. 
Moreover, combined with the merits of MBs and aptamer, the proposed 
sensor has many advantages such as fabrication easiness, operation conve-
nience, low cost, and being fast and portable, which may represent a prom-
ising path toward routine OTA control.

Convenient and sensitive point-of-care rapid diagnostic tests for food-
borne pathogens have been a long-felt need of clinicians. Traditional 
approaches such as culture-based methods have good sensitivity and spec-
ifi city, but they tend to be tedious and time consuming. Herein, Fang et al. 
(2014) presented a simple and sensitive aptamer-based biosensor for rapid 
detection of Salmonella enteritidis. One of the aptamers specifi c for the out 
membrane of S. enteritidis was used for MB enrichments. Another aptamer 
against S. enteritidis was used as a reporter for this pathogen, which was 
amplifi ed by isothermal strand displacement amplifi cation (SDA) and fur-
ther detected by a lateral fl ow biosensor. As low as 10 colony forming units 
(CFU) of S. enteritidis was detected in this study. Without DNA extrac-
tion, the reduced handling and simpler equipment requirement render this 
assay a simple and rapid alternative to conventional methods.

10.4 Voltammetric Biosensors

Arrays of voltammetric electrodes chemically modifi ed with electroac-
tive materials (i.e., phthalocyanines) have demonstrated to be particularly 
interesting for the analysis of phenolic compounds (Gay et al., 2012; Ceto 
et al., 2012a; Parra et al., 2006).
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Medina-Plaza et al. (2014) developed a multisensor system formed by 
nanostructured voltammetric biosensors based on phenol oxidases (tyros-
inase and laccase). Th e enzymes have been incorporated into a biomimetic 
environment provided by a Langmuir–Blodgett (LB) fi lm of arachidonic 
acid (AA). Lutetium bisphthalocyanine (LuPc2) has also been introduced 
in the fi lms to act as electron mediator. Th e incorporation of the enzymes 
to the fl oating layers to form Tyr/AA/LuPc2 and Lac/AA/LuPc2 fi lms has 
been confi rmed by the expansion in the surface pressure isotherms and 
by the AFM images. Th e voltammetric response toward six phenolic com-
pounds demonstrates the enhanced performance of the biosensors that 
resulted from a preserved activity of the tyrosinase and laccase combined 
with the electron transfer activity of LuPc2. Biosensors show improved 
detection limits in the range of 10-7 to 10-8 mol L-1. An array formed by three 
sensors AA/LuPc2, Tyr/AA/LuPc2, and Lac/AA/LuPc2 has been employed 
to discriminate phenolic antioxidants of interest in the food industry. Th e 
principal component analysis scores plot has demonstrated that the multi-
sensor system is able to discriminate phenols according to the number of 
phenolic groups attached to the structure. Th e system has also been able to 
discriminate grapes of diff erent varieties according to their phenolic con-
tent. Th is good performance is due to the combination of four factors: the 
high functionality of the enzyme obtained using a biomimetic immobiliza-
tion, the signal enhancement caused by the LuPc2 mediator, the improve-
ment in the selectivity induced by the enzymes and the complementary 
activity of the enzymatic sensors demonstrated in the loading plots.

10.5 Amperometric Biosensors

An important step in several bioanalytical applications is the immobiliza-
tion of biomolecules. Accordingly, this procedure must be carefully cho-
sen to preserve their biological structure and fully explore their properties. 
For this purpose, Graca et al. (2014) combined the versatility of the layer-
by-layer (LbL) method for the immobilization of biomolecules with the 
protective behavior of liposome-encapsulated systems to fabricate a novel 
amperometric glucose biosensor. To obtain the biosensing unit, an LbL 
fi lm of the H

2
O

2
 catalyst polypeptide microperoxidase-11 (MP-11) was 

assembled onto an indium tin oxide (ITO) electrode followed by the depo-
sition of a liposome encapsulated glucose oxidase (GOx) layer. Th e biosen-
sor response toward glucose detection showed a sensitivity of 0.91 ± 0.09 
(μA/cm2)/mM and a LOD of 8.6 ± 1.1 μM, demonstrating an improved 
performance compared to similar biosensors with a single phospholipid 
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liposome or even containing a non-encapsulated GOx layer. Finally, glu-
cose detection was also performed in a zero-lactose milk sample to dem-
onstrate the potential of the biosensor for food analysis.

Th e LbL technique, a widely explored adsorption method, has been an 
eff ective approach for enzyme immobilization due to its simplicity and 
the mild conditions during the fi lm formation (Ariga and Hill, 2010; Lee, 
2008). Because most enzymes are water soluble and charged in solution, 
the LbL method is suitable for assembling diff erent enzyme architectures 
with low denaturing eff ects (Ariga et al., 1997; Decher and Schlenoff , 2012).

Ferreira et al. (2004), for example, reported a successful strategy for 
glucose detection using LbL fi lms of GOx and polyallylamine hydrochlo-
ride (PAH) on modifi ed electrodes. Lee et al. (2011) developed a label-free 
immunoassay method using an LbL network of CNTs for detecting swine 
infl uenza H1N1 virus. Xiang et al. (2011) assembled multi-enzyme LbL 
fi lms of CNTs for the electrochemical monitoring of important cancer bio-
markers. An overview of LbL applications in biosensing and related fi elds 
has recently been published (Decher and Schlenoff , 2012).

10.6 Optical Biosensors

An optical biosensor assay utilizing a monoclonal antibody was developed 
by Indyk et al. (2014) for the quantitation of the biotin content of milk 
and pediatric formulae. Th e method provides a reliable estimate of total 
biotin accomplished by simple aqueous extraction, combined with heat 
treatment, prior to automated biosensor analysis. Th e binding assay was 
confi gured under inhibition conditions utilizing a sensor surface func-
tionalized with biotin and was subjected to single-laboratory validation. 
Critical assay factors, including calibration parameters, cross-reactivity, 
non-specifi c binding and matrix interferences were evaluated systemati-
cally. Assay performance parameters including range, detection limits, pre-
cision, recovery, and bias were estimated. Th e method was applied to the 
routine compliance testing of pediatric formulae and the temporal change 
in the biotin content of early lactation milk and seasonal milk powder. Th e 
assay is an expedient alternative to current HPLC, microbiological and 
proprietary kit-based immunoassay methods for the determination of the 
biotin content of milk-based foods.

Th e most commonly applied biosensor system for the analysis of biotin 
in supplemented foods utilizes SPR optics and is routinely applied as a pro-
prietary immunoaffi  nity-based kit assay, although other transducer detec-
tion principles have been exploited (Blake, 2007; Gao et al., 2008; Indyk et 
al., 2000; Indyk, 2011; Kalman et al., 2006; Kergaravat et al., 2012).
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10.7 Magnetoelastic Biosensors

Magnetoelastic (ME) biosensors are one device that shows promise for in 
situ, real-time detection of pathogenic bacteria on food surfaces. Th e ME 
biosensor consists of a transducer (ME resonator) that is coated with a 
biomolecular recognition element for the specifi c capture and binding of 
a pathogenic target bacteria. ME resonators work on the principle of Joule 
magnetostriction, where the resonator experiences a change in its dimen-
sions in the presence of a magnetic fi eld (Ballantine et al., 1997; Kabos 
and Stalmachov, 1994). When subjected to a time-varying magnetic fi eld 
in the direction of the resonator’s length, the ME resonator longitudinally 
vibrates with a characteristic resonant frequency (Li et al., 2012).

Proof in principle of a new surface-scanning coil detector has been 
demonstrated. Th is new coil detector excites and measures the resonant 
frequency of free-standing ME biosensors that may now be placed outside 
the coil boundaries. With this coil design, the biosensors are no longer 
required to be placed inside the coil before frequency measurement (Chai 
et al., 2013). Hence, this new coil enables bacterial pathogens to be detected 
on fresh food surfaces in real time and in situ. Th e new coil measurement 
technique was demonstrated using an E2 phage-coated ME biosensor to 
detect S. typhimurium on tomato surfaces. Real-time, in situ detection was 
achieved with a LOD statistically determined to be lower than 1.5 × 103 
CFU/mm2 with a confi dence level of diff erence higher than 95% (p<0.05).

10.8  Surface Acoustic Wave (SAW) Biosensors for 
Odor Detection

SAW sensors are based on the generation and detection of acoustic waves 
at the surface of a piezoelectric crystal. Th e acoustic energy is strongly 
confi ned at the surface of the device and is independent of the thickness 
of the substrate. SAWs are very sensitive to changes in mass, viscosity, or 
conductivity on the sensor’s surface (Grate and Frye, 1996). Recently, a 
great interest is directed toward the development of SAW devices based on 
biological molecules as sensing material able to detect low concentrations 
of molecules in air (Lange et al., 2008). An interesting application is the use 
of SAW devices as odor sensors with odorant binding proteins (OBPs) as 
sensing element. OBPs are small extracellular proteins which belong to the 
lipocalin super-family (Marabotti et al., 2008; Bianchet et al., 1996). Th ey 
have an important role in odor detection by carrying, deactivating, and/or 
selecting the odorant molecules.
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Palla-Papavlu et al. (2014) presented the development of SAW biosen-
sors for odor detection in the food industry. Th e SAW biosensors are coated 
by laser-induced forward transfer (LIFT) with wild-type bovine OBP 
(wtbOBP) solutions containing 20% and 50% glycerol. Optical microscopy 
investigations revealed that individual droplets could be printed from 50% 
glycerol solutions with a high resolution. Further investigations proved 
that despite the lower resolution of the 20% glycerol printed droplets it is 
possible to achieve higher uniformity in the coverage of the entire active 
area of the SAW biosensors. In addition, it is shown that the surface density 
of the wtbOBP LIFT-ed layer is four times higher than in the case of pipette 
deposition. Finally, the functionality of the SAW biosensors was investi-
gated by testing the biosensors upon exposure to various concentrations 
of octenol vapors. A high sensitivity, i.e., of 5 Hz/ppm and detection limit 
in the low ppm range was obtained, lower that what has previously been 
reported with conventional methods.

Zhang et al. (2014) used a taste biosensor to measure and analyze diff er-
ent sweeteners, both natural and artifi cial sweeteners. Electrophysiological 
activities from taste epithelium were detected by the multi-channel bio-
sensors and analyzed with spatiotemporal methods. Th e long-time signal 
result showed diff erent temporal-frequency properties with stimulations 
of individual sweeteners such as glucose, sucrose, saccharin, and cycla-
mate, while the multi-channel results in their study revealed the spatial 
expression of taste epithelium to sweet stimuli. Furthermore, in the analy-
sis of sweetener with diff erent concentrations, the result showed obvi-
ous dose-dependent increases in signal responses of the taste epithelium, 
which indicated promising applications in sweetness evaluation. Besides, 
the mixture experiment of two natural sweeteners with a similar functional 
unit (glucose and sucrose) presented two signal patterns, which turned out 
to be similar with responses of each individual stimulus involved. Th e bio-
sensor analysis of common sweeteners provided new approaches for both 
natural and artifi cial sweeteners evaluation.

10.9 Quorum Sensing and Toxofl avin Detection

Choi et al. (2013) developed a simple and sensitive biosensor for the 
determination of toxofl avin (which is toxic to various plants, fungi, ani-
mals, and bacteria) in natural samples based on β-galactosidase activity. 
Th e proposed toxofl avin detection method for toxin-producing bacteria 
or toxin-contaminated foods is simple and cost-eff ective. Burkholderia 
glumae, a species known to cause rice grain rot and wilt in various fi eld 



Recent Advances of Biosensors in Food Detection 377

crops, produces toxofl avin under the control of a LysR-type transcriptional 
regulator ToxR and its ligand toxofl avin. As the expression of toxofl avin 
biosynthetic genes requires toxofl avin as a co-activator of ToxR, a novel 
biosensor stain was constructed based on lacZ reporter gene integration 
into the fi rst gene of the toxofl avin biosynthesis operon, toxABCDE of B. 
glumae. ToxJ is controlled by quorum sensing and activates tox operon 
transcription. ToxR is also required to activate the tox operon with toxo-
fl avin as a coinducer.

A biosensor was composed of a sensor strain (COK71), substrates 
(X-gal or ONPG), and culture medium, without any complex prepara-
tion process. Th ey demonstrated that the biosensor strain is highly specifi c 
to toxofl avin, and can quantify relative amounts of toxofl avin compared 
with known concentrations of toxofl avin. Th e proposed method was reli-
able and simple; samples containing 50–500 nM of toxofl avin could be 
analyzed. More importantly, the proposed biosensor strain could identify 
toxofl avin-producing bacteria in real samples. Th e excellent performance 
of this biosensor is useful for diagnostic purposes, such as detecting toxo-
fl avin-contaminated foods and environmental samples.

10.10 Xanthine Biosensors

Xanthine (3,7-dihydro-purine-2,6-dione) is generated from guanine by 
guanine deaminase and hypoxanthine by xanthine oxidase (XOD). Th e 
determination of xanthine in meat indicates its freshness, while its level in 
serum/urine provides valuable information about diagnosis and medical 
management of certain metabolic disorders such as xanthinuria, hyperu-
recemia, gout, and renal failure. Although chromatographic methods such 
a HPLC, capillary electrophoresis and mass spectrometry are available for 
quantifi cation of xanthine in biological materials, these suff er from cer-
tain limitations such as complexity, time-consuming sample preparation 
and requirement of expensive apparatus and trained persons to operate. 
Immobilized XOD-based biosensors have emerged as simple, rapid, sen-
sitive, and economic tools for determination of xanthine in food indus-
tries and clinical diagnosis. Pundir and Devi (2014) described the various 
immobilization methods of XOD and diff erent matrices used for construc-
tion of xanthine biosensors, their classifi cation, analytical performance, 
and applications along with their merits and demerits. Th e future perspec-
tives for improvement of present xanthine biosensors are also discussed.

Th e most important step in the development of an enzyme sensor is 
the attachment of the enzyme onto the surface of the working electrode. 
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Th is process is governed by various interactions between the enzyme and 
the electrode material which aff ects the performance of a biosensor in 
term of its sensitivity, stability, response time, and reproducibility. A vari-
ety of methods have been employed for immobilization of XOD, ranging 
from physical adsorption and entrapment to covalent/chemical bond-
ing, electropolymerization and cross-linking for construction of xanthine 
biosensors.

Th ere are three ‘generations’ of xanthine biosensors based on binding 
of XOD onto transducer: biosensors based on support material used are 
membrane-based, polymeric matrices-based, and sol–gel-based xanthine 
biosensors.

Diff erent biosensors are mentioned by Varzakas et al. (2014) involved in 
meat quality such as amperometric xanthine biosensors, use of novel bio-
logical components such as mammalian cells and bacteriophages for the 
detection of bacterial pathogens, Biacore assay kit, potentiometric sensors 
based on measuring the potential of an electrochemical cell while drawing 
negligible or no current with common examples the glass pH electrode and 
ion selective electrodes for ions such as K+, Ca++, Na+, and Cl-, optical fi ber 
and a capillary-based biosensor for calpastatin detection in heated meat 
samples as well as immunological capacitive biosensors for calpastatin.

10.11 Conclusions and Future Prospects

Th e aim of this chapter is to bring into focus this important research 
area and advances of biosensors and more specifi cally to those related to 
the rapid detection of food toxicants and environmental pollutants. Th e 
scope is related to provide a comprehensive review of the research top-
ics most pertinent to the advances of devices that can be used for the 
rapid real-time detections of food toxicants such as microbes, pathogens, 
toxins, nervous gases such as botulinum toxin, E. coli, Klebsiella pneu-
moniae, sarin, VX, Listeria monocytogenes, Salmonella, marine biotoxins, 
Staphylococcal enterotoxin B, saxitoxin, gonyautoxin (GTX5), francisella 
spore virus, Bacillus subtilis, ochratoxin, and even simple chemical com-
pounds. Biosensors have found a large number of applications in the area 
of food analysis. Recent advances include portable devices for the rapid 
detection of insecticides, pesticides, food hormones, toxins, carcinogenic 
compounds in environment, such as polycyclic biphenols, etc.

Diff erent categories of biosensors have been described such as electro-
chemical biosensors and more specifi cally nitrite electrochemical biosens-
ing based on coupled GA and AuNPs, optical biosensors using monoclonal 
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antibodies or plasmonic biosensors for ochratoxin detection, biosensors 
for pesticide residue detection, SPR detectors, electronic tongues, DNA 
biosensors for detection of GMOs in food and feed, multi-channel biosen-
sors for detection of natural and artifi cial sweeteners, biosensor strains for 
toxofl avin detection, xanthine biosensors, nanostructured voltammetric 
biosensors, and amperometric glucose biosensor.
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Abstract
Th ese days, construction and operation of label-free DNA biosensors are the 

defi nitive factors for achieving trustworthy laboratory tests. Hence, detection sys-

tems or sensors using new emerging nanomaterials are considered as powerful 

tools for the genetic researchers to understand the progression and early screening 

of diseases, routine walk-in medical checkups, which make the controlled design 

of these sensors vital. Nanotechnology has devoted itself for the purpose of pro-

ducing very sensitive and reliable biosensors. Despite these eff orts, the sensing 

mechanism in label-free fi eld-eff ect-based DNA sensors has aroused a great deal 

of controversy among scientists. In order to fi nd an answer for these questions, 

developing the analytical model of these sensors expected to help. In addition, 

just computational calculations can allow designers to evaluate the importance of 

several parameters involved in the fabrication and provide a framework to which 

experimental results can be compared. In this chapter, we present a numerical 

model for the current–voltage characteristic of graphene-based liquid-gated fi eld 
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eff ect transistors (FETs), which include the calculation of the conductance changes 

in the sensor’s response during DNA hybridization. Th e results are compared with 

the experimental work and  an acceptable agreement is observed.

Keywords: Graphene, graphene-based transistors, DNA hybridization, DNA 

concentration, I-V characteristics

11.1 Introduction to Graphene

Th e nanomaterials of graphene (sp2 aromatic)-based carbon have been 
widely used for biosensing, and they have been the subject of much interest, 
even though it has been a relatively short period since discovery of them. 
Graphene and its derivatives such as the graphene oxide (GO), reduced 
graphene oxide (rGO), and n-doped graphene are reported to be used suc-
cessfully in biosensing applications [1]. An oxidized form of graphene, 
GO, created in solution with highly negative charges and hydrophilicity 
characteristic has been used as a template for DNA hybridization studies 
[2]. Th e fabrication process of GO has a strong infl uence on the electrical 
possessions of GO fi lms which have been employed in sensor confi gura-
tion. On the other hand, the sensitivity of these sensors produced from GO 
are dependent on some factors such as size, shape, presence of wrinkles, 
defects, and oxidation degree of GO sheets. Th erefore, from the point of 
fabrication, more studies and supervision are required to control the qual-
ity of fabrication of GO sheets [3–5]. In contradiction of GO, large-size 
graphene layers are claimed as more reliable and benefi cial nanomaterials 
in biosensing experiments from the device fabrication viewpoint.

Graphene provides a two-dimensional (2D) honeycomb structure con-
sisting of a thin layer of single carbon atoms. Th e reason for that being the 
idiosyncratic physical and chemical characteristics like exceptional strength 
[6], and its great thermal conductivity plus biocompatibility that it possess 
[7]. Graphene, as a nearly perfect 2D crystal free of the structural defects 
[8–9], presents surprisingly ballistic transport due to its  signifi cant high 
electron mobility at low temperatures that can reach up to 200  000 cm2/
Vs with typical carrier concentration of 2×1011 cm–2 [10, 11]. Graphene and 
nanotubes have been utilized as an essential element in several electronic 
devices, e.g., biosensors [12, 13]. Th ere has been major evidence indicating 
biosensing applications shown in graphene and its by-products [14]. Due to 
the biocompatibility and extreme environmental distress aff ectability of thin 
graphene plates, it provides an essential biosensing application for them. 
Meaning that they are greatly sensitive to variables such as electronic doping 
[15–18] and molecule adsorption [3,14,19–20]. In addition, it is considerable 
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that, because of easier contact, the surface structure of graphene (displayed 
in Figure 11.1) in comparison to other carbon derivatives ensures a higher 
adsorption of DNA molecules [21]. Th is resulted in the selection of gra-
phene as the DNA detection sensory framework in this study.

11.1.1 Electronic Structure of Graphene

Understanding the electronic structure of graphene is the starting point for 
pursuing the electronic properties of graphene. Intrinsic graphene is known 
as a semimetal with zero bandgap [22]. It is widely claimed that its valence and 
conduction bands are cone shaped and meet at the K points of the Brillouin 
zone [22, 23]. Because the bandgap is zero, devices with channels made of 
large-area graphene cannot be switched off  and therefore are not suitable for 
logic applications. However, bandgap can be induced in these materials with 
two demonstrated ways [22]. Firstly, narrowing the graphene to nanorib-
bon, by which its bandgap has a reverse relation with the width of nanorib-
bon in this method [24]. Secondly, by applying a perpendicular electric fi eld 
to bilayer graphene (BLG) that results a potential diff erence between layers 
which opens the bandgap in BLG [25, 26]. Although the physical simulation 
is accurate enough, there are still many controversies about their ability to 
compute the potential model of the device. Analytical modeling possibly will 
facilitate this challenge. But, it needs serious improvement due to the lack of 
eff ective mass eff ect on the vertical electric fi eld proposed by Ref. [27].

11.1.2 Graphene as a Sensing Element

Maximum surface-to-volume ratio for sensing application would be pro-
vided by employing graphene with its unique 2D structure, exposing every 
atom of graphene to the environment. Furthermore, graphene sh ows no 
distinction between surface sites and the bulk material, which is the major 
motivation behind implementation of other nanostructured materials. 
E xceptional electronic structure and interesting properties of graphene 

Figure 11.1 Schematic of graphene as a sensing layer.
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resulted in the adaptability of graphene as a basic sensing element in sensor 
application. Th e ambipolarity can be mentioned as one of the important 
characteristic of graphene, meaning that “chemical gating” of the material 
can be achieved by ad sorption of either electron withdrawing or donating 
groups, which can be easily monitored in a resistive-type sensor setup. In 
other words, a graphene-based fi eld eff ect transistor (FET) is an ambipolar 
device. It can operate via both electron and hole branches where the con-
ductivity changes as a function of the electron or hole concentration and 
is proportional to the gate voltage [28]. Any molecular disruption on the 
graphene can be easily detected due to its ultrahigh surface area combing 
with its specifi c electronic features.  Our expectations from graphene-ori-
ented sensors for detection of individual molecules on and off  its surface 
have become high because of its unique structures. Th e availability of 2D 
graphene will open up possibilities for designing and preparing graphene-
oriented electrodes for a wide range of liquid-sensing and biosensing 
applications ranging from amperometric sensors to amperometric enzyme 
biosensors and label-free DNA biosensors. With the help of the study and 
molecular analysis of nucleic acids, almost 400 and increasing genetic con-
ditions are diagnosable now [29].

11.1.3 DNA Molecules

A diagram of the DNA molecule is drawn in Figure 11.2 [30], where it is 
shown that the DNA molecule is a polyelectrolyte comprised of two heli-
cally wound sugar–phosphate backbones, joined in the middle by nucleo-
bases (adenine, thymine, cytosine, and guanine). Th e strong hydrogen 
bonds between matching nucleobases keep the two strands together (AT 
and CG), as well as with dispersion forces that occur between the stacked 
fl at nucleobases [31]. Th e phosphate groups are negatively charged in bio-
logically relevant conditions (25 °C, 1 mM–1 M monovalent salt concen-
tration, pH 7). It is strongly believed that the signal changes in a BioFET 
would occur because of the negative charges of phosphate groups either 
directly or indirectly, as DNA molecules attached to the surface [32].

11.1.4 DNA Hybridization

Th e process of establishing a non-covalent, sequence-specifi c interaction 
between two or more complementary strands of nucleic acids into a single 
complex is known as a hybridization phenomenon which in the case of 
the two strands is referred to as a duplex. Th e detection of DNA hybrid-
ization has been a topic of central importance owing to a wide variety of 
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applications such as diagnosis of pathogenic and genetic disease, gene 
expression analysis, and the genotyping of mutations and polymorphisms 
[33, 34]. Technologies in DNA biosensing [35] have received special appeal 
not only for their low cost and simplicity, but for their ultimate capabilities 
in detecting single-nucleotide polymorphisms (SNP) which have been cor-
related to several diseases and genetic disorders such as Alzheimer’s and 
Parkinson’s diseases.

Th e DNA hybridization event is the basis of many existing DNA detec-
tion techniques. In DNA hybridization as depicted in Figure 11.3, the tar-
get, unknown single-stranded DNA (ssDNA), is identifi ed and formed by 
a probe ssDNA and a double-stranded (dsDNA) helix structure with two 
complementary strands. It is believed that, in the presence of a mixture 
of diverse non-complementary nucleic acids, the hybridization reaction is 
known to be extremely effi  cient and specific. Th e basis for the high speci-
fi city of the biorecognition process is the uniqueness of the complementary 
nature of this binding reaction between the base pairs, i.e., adenine–thy-
mine and cytosine–guanine.

In a graphene-based FETs (GFETs) with DNA application, the DNA 
molecules used as probes are short (typically 20–30 bases long). ssDNA 
probes could be captured on a surface through long-range electrostatic 
forces or by chemical combination with an activated (or functionalized) 
surface. Th e success of a DNA sensor depends on the high specifi city of 
capturing only the exact complementary target, allowing DNA sensors to 
detect SNP. For this purpose, the DNA probes should be made short such 
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that the energy of binding is severely changed with a single mismatch, pro-
hibiting nonspecifi c pairing. Th erefore, faster and more precise hybridiza-
tion rate would obtained by choosing the shorter probes (oligonucleotides). 
It is noteworthy that the density of capture probes should be high to avoid 
targets absorbing and attaching to vacant sites on the surface. Also, there 
is another way to deactivate the vacant sites by a chemical step, but such 
processes are not perfect, and active sites can still exist.

Th e hybridization experiment should be carried out in a buff er solution 
with precisely selected ionic concentration (oft en a saturated or near-satu-
rated monovalent salt). In all DNA biosensor experiments, the biochemi-
cal hybridization reaction occurs in an electrolytic aqueous medium. Th e 
biological recognition will only proceed under specifi c conditions of ionic 
strength, solution’s pH, and temperature. Th e molecular electrostatics and 
chemistry of the DNA molecule are very important in dictating the inter-
action of the DNA with its surroundings. Specifi city is obtained by the 
unique affi  nity of binding between the probe and target.

11.1.5 Graphene-Based Field Eff ect Transistors

GFETs as breakthrough resu lts were reported by Manchester Group in 2004 
[36]. Since that time, large numbers of attempts have also been made to use 
graphene as a novel channel material in FETs for electronics [37–42]. As 
shown in Figure 11.4, GFET structure consists of a 300-nm SiO

2
 layer as a 
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back-gate dielectric and a doped silicon su bstrate as the back-gate has been 
proposed [43]. Th e  graphene is sandwiched between the source and drain 
electrodes controlled by the gate through the gate voltage applied. Th e most 
interesting feature of graphene in transistors is providing the possibility of 
having channels that are just one atomic layer thick [22]. Plus the reward-
ing experiments on electronic, peripherals such as FET [44] made with the 
application of thin graphene plates [31] by nano-microlithographic fabri-
cation [33]. Th is suggests and justifi es the call for action and the necessity 
of further DNA detection studies [34] as well as understanding the high 
sensitivity of the transport carriers in graphene plates and the conductance 
response to environmental distress [35].

 In the process of observing the conductance variations of fabricated 
device base carbon materials, electrical and label-free DNA detection 
hybridization was possible to attain [1]. Graphene conductive character-
istic as a channel in the FETs was considered as a seminal electronic fea-
tures in the material [45]. Presently, the attention has moved toward been a 
focus on the exploratory capabilities in single-layer graphene [46]. Besides, 
single-electron transistor base on monolayer graphene was discovered in 
an experiment as well [47]. Among the bonuses in the incorporation of 
graphene as an FETs’ channel material is a great electrostatics control capa-
bility. Th erefore, the reduction of short channel eff ect is  anticipated [48].

11.1.6 DNA Sensor Structure

As shown in Figure 11.4, large graphene fi lm has incorporated to be DNA 
detection template constructed of multi-layer and single-layer graphene 
with a ratio of 40 to 60 percent. Th ese graphene fi lms are made using 
the chemical vapor deposition (CVD) method [4, 49]. As a notable fact, 
transference of the graphene fi lm from nickel to glass substrate results 
in the possibility of the fabrication of FET transistor based on large gra-
phene [50]. Th e result of producing a DNA detection solution chamber 
was achieved through incorporating silver paint as source and drain elec-
trodes and polydimethylsiloxanes (PDMS) as an insulator. Th e conduc-
tance between source and drain varies in response to the surface electric 
potential of graphene, and the gate electrode coupled through the liquid 
electrolytes is used to control the on and off  switching of the devices. Th e 
confi guration of the liquid-gated FETs (LGFETs) is possible with the incor-
poration of graphene fi lms (Figure 11.4) which have the DNA molecule 
detection sensitivity of 0.01nM [51]. Another one of the abilities in this 
device is the detection of target DNA hybridization to the probe DNAs that 
are pre-fi xated on graphene. Plus, it has the capability of diff erentiating 
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single-based incompatibility. Additionally, the harmonious DNA and the 
one-base incompatible DNA can be simply distinguished considering that 
V

g,min
 is less sensitive to the incompatible DNA, which was responsible for 

20 meV alteration at a high concentration (500 nM).
Ag/AgCl is used as a reference electrode in this experiment. Th e most 

signifi cant reaction which plays a crucial role in determining the potential 
of the solution is the electron transfer reaction for electrodes. Th ree types 
of electrodes from electrochemical point are defi ned as: ideally polarizable, 
non-polarizable, and partially polarizable. Th is categorization diff erenti-
ates electrode boundaries in terms of their capability to carry out current. 
A non-polarizable electrode is one which can freely allow electron transfer 
reactions without any hindrance. It is noteworthy that typically a reference 
electrode is anticipated to be non-polarizable; if not it could weaken the 
sensitivity of the biosensor. Th e reference electrode sets the potential of the 
solution by achieving electrochemical equilibrium with the solution via 
electron transfer reactions.

11.1.7 Sensing Mechanism

Th e ( ) reactions among the carbon plane and the DNA molecules 
strongly aff ect the device conductivity of device by the means of diff erent 
mechanisms like electronic doping [1] and electrostatic gating [2, 52]. Both 
the DNA and graphene are negative in charges; hence, the considerable 
role of buff er in ssDNA hybridizing sensing of graphene [53] is signifi cant. 
Phosphate buff er saline (PBS) or sodium chloride solution has recurrently 
been incorporated in the form of a buff er for charge screening [54, 55]. Th e 
outcome of which is DNA adsorption due to both van Der Waals and elec-
trical attraction [55, 56]. Meaning, the detection process could be defi ned 
as a transference of the electron between DNA and graphene fi lms [5]. 
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Figure 11.4 Proposed structure of graphene-based DNA sensor with liquid gate for DNA 

sensing.
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Built on the detection process, a DNA hybridization kinetic model was 
suggested with kinetic coeffi  cients for surface-bound DNA probes [57]. 
Here in this research, the concentration of DNA in the form of a gate volt-
age is replicated and DNA sensing factor ( ) is suggested. Eventually, the 
collation study between suggested model, and the data attained from the 
experiments are reported.

11.2 Numerical Modeling

Modeling and simulation incorporating partial diff erential equations 
(PDE) are an essential factor in the process of current–voltage characteris-
tics, sensitivity, and the performance of the sensory peripherals that DNA 
molecules are exposed to. Th e proposed model here possesses the electri-
cal detection of DNA hybridization performance capability by the means 
of simulating the conductance of the graphene plates. Built on the sens-
ing process derived from the experiment to study the factors at lay in the 
absorption of DNA in relation to graphene, the function of gate voltage 
is presumed to be the DNA concentration with the implication of sens-
ing factor (α). In this study, the selection of conductance in the form of 
a calculable sensory factor has taken place based on the fact of graphene 
nanomaterial’s sensitivity to the presence of DNA molecules. Also, it can 
be argued that that the initiation of modeling from graphene conductance 
is valid.

11.2.1 Modeling of the Sensing Parameter (Conductance)

Th e conductivity of the graphene might show a discrepancy due to the 
variations of carrier density, carrier concentration, type of electron scat-
tering at the edges, Fermi level, and chirality width [58]. Naeemi and 
Meindl [25] suggested that each conduction channel in graphene con-
tributes one quantum. A district of the lowest G regards to gate voltage 
as a basic  constant proportional to Planck’s constant and electron charge 
in bulk graphene is defi ned and calculates for the minimum conductivity 
by the

 

2

0

2e
G

h
=

 
(11.1)

Two factors make possible the conductance output in large channels, 
resulting in the capability of adhering to the Ohmic scaling law built upon 
the Landauer formula. Th e fi rst is the self-suffi  ciency of the interface resis-
tance length. Th e second would be a result of the nonlinearity relation 
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between the conductance and width that does rely on the quantity of 
modes in the conductor. Hence, the Landauer formula conductance would 
extend as the form of Equation (11.2) at the same time as these quantized 
parameters are taken into consideration.
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where q is the electron charge, h is Planck’s constant, E is the energy band 
structure, T (E) is the transmission probability, M (E) is the number of 
modes at an applied energy near the wave vector which is dependent on 
the sub band’s position, and f (E) is the Fermi–Dirac distribution function. 
Without scattering, electrons in ballistic transport behave according to sec-
ond law of Newton for motion of particle at non-relativistic speeds; so, the 
electrical resistivity can be neglected in a ballistic channel of graphene due 
to lack of scattering for electron transport [46, 59]. So, T would be defi ned 
as the probability of one injected electron at one end that can be transmit-
ted to other end is considered equal to one (T(E) =1) [60]. Additionally, f 
(E) is the likelihood of the Fermi level, occupation with electrons that is 
defi ned as the Fermi–Dirac distribution function [61–63].
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where E
F 

is the Fermi energy, k
B
 is the Boltzmann constant, and T is tem-

perature. By applying the Maxwell–Boltzmann approximation, the distri-
bution function can be expressed as
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Th e graphene length has a seminal part in the defi nition of conductivity 
equation [64]. By the substitution of sub-bands (mode numbers) quantity 
in addition to the Fermi–Dirac distribution function in Equation (11.2), it 
is possible to obtain conductance as
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By making the substitution of x = (E−E
g
)/K

B
T, the boundary of integral 

changes as follows. Equation (11.5) becomes
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where the normalized Fermi energy is defi ned as (E
F
−Eg)/K

B
T. Th e 

incorporation of the Fermi–Dirac integral (FDI) form of conductance will 
prove to be benefi cial in order to comprehend the function of degener-
ate and non-degenerate regimes. It is noted that the FDI of an order i is 
defi ned as
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In general,
0

1 !x ii e x dx i  if i is an integer applicable to gamma 

function,  and  . A notable matter 
of observation is the common characteristics of the FDI in the non-degen-
erate and the heavily degenerate limits. Th erefore, attaining the typical 
mode of graphene is similar to that of silicon as suggested by Gunlycke [65].
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where 1

2
−

 (η)is the FDI of order ( 1
2− ). Th e distribution function of 

Fermi–Dirac is ascribed to degenerate and non-degenerate states with 

the quantity of (η >>  0) and (η  0) each. During the non-degenerate 
state, the approximation of FDI is possible using Maxwell–Boltzmann 
distribution factor of (E)=exp( ). Th erefore, in the nondegenerate limit, 
graphene’s general conductance model can be transformed into the expo-
nential equation as [66, 67].
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As normalized Fermi energy derived as (E−E
g
)/K

B
T, and the band-

gap energy is gg vqE .= ; then, the normalized Fermi energy is calculated 
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as  = (V
t
−V

g
)/K

B
Tq which correspond to a function of V

g
. Employing  in 

Equation (11.9), the conductance expresses as
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which represents conductance (G) as a function of gate voltage (V
g
). 

Figure  11.3 would display graphene-based DNA sensor conductance 
model in comparison to the gate voltage prior to the addition of a DNA 
molecule. Based on the data gathered from the experiment, the sug-
gested model can meet the major expectation of graphene-based DNA 
sensor [1].

Th e simulation results demonstrated that the conductance in graphene 
is minimum at the Dirac point, suggesting that the resistance is higher at 
the point closest to the charge neutrality point.

11.2.2 Current–Voltage (I
d
–V

g
) Characteristics Modeling

Th e DNA sensor’s performance built upon graphene nanostructure is 
assessed by the incorporation of its current–voltage properties [68]. 
Additionally, by replacing the FDI in Equation (11.10), the general con-
ductance model of single-layer graphene would be obtained as

1
2 3 3 2

d 1 1

2 2

3 3
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BT

gs t

q a t k
V V

hL
 

(11.11)

where V
gs
 is the gate-source voltage, and V

t
 is the threshold voltage. As 

shown in Figure 11.4, prior to the addition of the probe DNA, pure PBS (40 
μL) has been added to the chamber in order to calculate the transfer curve, 
in other words, drain current (I

d
) in comparison to the gate voltage [51]. A 

valid consensus is observable among the suggested model for DNA sensor 
and the outcome of the experiments obtained from the reference [51].
Since the DNA molecules need to saturate the graphene surface, high con-
centration of probe DNAs (1 μM) in 40 μL PBS buff er has been added to 
the chamber. As seen in Figure 11.5, the application of the gate voltage to 
the DNA solution will result in (graphene-based FETs) clear display of the 
ambipolar conductance behavior. Th e doping states of graphene have been 
controlled by the V

g,min
 to calculate the graphene plate’s lowest level of con-

ductance as determined by transfer characteristic curve.
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11.2.3 Proposed Alpha Model

Th e considerable left  shift  of V
g,min 

is a result of the fi xation of probe DNA 
upon on the graphene surface, then is dramatically left  shift ed. Based on 
this, it is reasonable to conclude that V

g,min
 is greatly sensitive to the probe 

DNA and hybridization and fi xation of harmonious target DNAs. In order 
to support this conclusion, the observation of gate voltage change toward 
left  as a result of DNA molecules doping the graphene fi lm is helpful [3, 
69]. However, the increased number of carriers aff ects the conductiv-
ity of the (graphene) FET devices in the channel. Th e attachment among 
graphene and nucleotides was experimented and researched [42, 69, 70]. 
Commonly, V

g,min
 turn is to be considered as a legitimate hint toward DNA 

detection. Ultimately, the harmonious DNAs with concentration of 40 μL 
were appended to the device made for hybridization using probe-DNA-
fi xated graphene [51]. It can be seen in Figure 11.6 that, during the expan-
sion of concentrated harmonious DNAs from 0.01 to 500 nM, additional 
DNA molecules will be adsorbed and the attraction of additional mole-
cules would be possible, resulting in alteration of V

g,min 
on the properties 

which relies on and will calculate the location of the Fermi level respective 
to the conduction band border.
Inspired by this fact, the gate voltage is simulated as a function of DNA 
concentration and DNA immobilization factor ( ) is recommended. 
Eventually, the variation in the gate voltage can be modeled by DNA 
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concentration factor (F), i.e., V
g
 aft er hybridization is assumed as a func-

tion of DNA concentration and gate voltage without DNA molecules, as 
follows:

 1gs DNA gs withoutDNA

F
V V

 
(11.12)

In the nonsaturation region, the DNA concentration model is employed 
as a function of gate voltage, and the ideal current–voltage relation for the 
n-channel FET from Equations (11.11 and 11.12) is customized as
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q a t k
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where q is the electron charge, a = 1.42 Å defi nes carbon–carbon (C–C) 
bond length, t=2.7 (eV)is the nearest neighbor C–C tight binding over-
lap energy, K

B 
is the Boltzmann’s constant, T represents temperature, 

h is Planck’s constant, and L denotes the length of conducting channel. 
V

gs 
presents the gate-source voltage, and refers to the threshold voltage. 

Furthermore, 1

2

( ), and 1

2
−

( ) are the FDIs of orders 1
2

 , which can 

be solved numerically. Its value depends on which measures the location of 

the Fermi level with respect to the conduction band edge. Th e Fermi–Dirac 
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distribution function has divergent manifestations in degenerate and non-
degenerate states which are ascribed to (η >> 0) each.

In order to validate this hypothesis, the models of I
d
–V

g 
properties of 

LGFET for DNA concentration altering from 0.01 to 500 nM are repre-
sented. Th e Fermi–Dirac distribution function has di erent forms in 
degenerate and non-degenerate states which are attributed by ( 0), 
respectively [71, 72].  is a DNA immobilization factor, and diff erent con-
centrations of DNA molecules are presented in the form of F parameter. 
Th us, the DNA molecules are adsorbed on graphene surface by iteration 
method was modeled as

 
( )= +2aF bF + c / F

 
(11.14)

A=13, B=50, and C=4070parameters are calculated based on iteration 
method. Th e current–voltage characteristic of LGFET according to the 
proposed model of DNA sensor using nanostructured graphene layer is 
obtained as
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 (11.15)

As discussed here, the drain source current of the LGFET as a func-
tion of gate voltage is simulated; moreover, DNA immobilization factor 
as a function of DNA concentration factor (F) is suggested. In order to 
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validate this hypothesis, the models of I
d
–V

g
 properties of LGFET for DNA 

concentration altering from 0.01 to 500 nM are represented in Figure 11.7. 
Th e comparison of the experiment outcome with the theoretical modeling 
[73], it would be a legitimate statement that the sensor model based on the 
proposed parameters stipulates the directions that have been outlined by 
the data gathered from the experiments.

11.2.4  Comparison of the Proposed Numerical Model with 
Experiment

As shown in Figure 11.7, the suggested model indicates the cogent con-
centration reliance on current–voltage property, displaying the infl uence 
of the concentration increment eff ect on the minimum voltage conduc-
tance. Meaning that, the V

g,min
, as mentioned in the data gathered from the 

experiments, will be moved towards left  and the quantity of movement 
escalates with the growing concentration of the harmonious DNA from 
0.01 to 10 nM as stated by experimental results [73]. Figures 11.9 and 
11.10 describe the I

d
–V

g
 characteristic of the proposed numerical model 

with the experimental data for diff erent concentrations of complemen-
tary DNA. As shown in Figures 10a-c that each diagram depicts specifi c 
concentration of DNA molecules as F=0.01 nM, F=0.1 nM, and F=10 nM, 
respectively.

Another observation made in the experiment is that, the variation of, 
I

d
–V

g 
property is a result of DNA concentration made possible by the DNA 

immobilization factor (Figure 11.10). Furthermore, the proposed model 
presents strongly approximate results compared with experimental data. 
According to Figures 11.10a and b, the amount of V

g,min 
shift  remains 

unchanged by increasing the DNA concentration from 10 to 500nM, hold-
ing the fact that the number of DNA molecules is limited and the graphene 
surface has become saturated. Th e electron transfer from DNA molecules 
(electron rich) to graphene have been explored experimentally in Ref. [51]. 
Also, as shown in Figure 11.9a and b, each diagram depicts specifi c con-
centration of DNA molecules. For example, when concentration value is 
F=100 nM, the model is closer to the blue line; in the same manner we can 
compare other concentrations as well (Figure11.11).

Th e proposed numerical model with coupled with experimental data is 
shown in this work to confi rm that the conductivity of the graphene-based 
DNA sensor is decreased by the introduction of DNA molecules.
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Abstract
In this chapter we present general instructions for the preparations of CNTs-

mixed cellulose acetate (CA)-based membranous support for the potentiometric 

biosensing of glucose. Th e data obtained by measurements with CA membrane 

and CNTs-mixed CA membranous supports, respectively, that the CNTs-mixed 

CA membrane assures superior performances of the biosensor for low glucose 

concentrations determination. Th e results were also supported by the decrease in 

pH value at similar concentrations of glucose solution used.

Th e diff usion through the CNTs-mixed CA membrane support was enhanced 

to a larger extent and the enzymatic reaction was starting immediately than with 

CA membrane alone. Th is leads to a signifi cant decrease of the response time 

of the biosensor with CNTs-mixed CA membrane. Th e general concept of this 

body of work is to open a new area of enzyme immobilisation and its supported 

membrane technique in the fabrication of potentiometric biosensor. In the future, 

eff orts will need to be directed towards the development of biosensor with eco-

friendly substances and advanced materials.

Keywords: Cellulose acetate, carbon nanotubes, glucose oxidase, glucose, glutar-

aldehyde, potentiometric biosensor

12.1 Introduction

Being an effi  cient component of nanotechnology, carbon nanotubes (CNTs) 
are tending to revolutionise maximum fi elds in science. Before ventilating 

*Corresponding author: drnkshukla@gmail.com



414 Advanced Bioelectronic Materials

into its application and property mainly its electrochemical property, it is 
very important and genuine too, to consider the basics of CNTs. CNTs are 
seamless cylinder of one or multiple layers of graphene sheets with open 
or closed end [1,2]. Depending upon the mode of carbon–carbon bond-
ing, length, thickness and in the type of helicity and number of layers of 
graphene sheets there are many diff erent structures of CNTs. Although 
they are formed from essentially the same graphene sheet, their electrical 
properties diff er depending on these variations, acting either as metals or 
as semiconductors [3–5].

CNTs are divided into two classes single-walled CNT (SWNT) and 
multiwalled CNT (MWNT). SWNT as the name suggests consists of 
single layer of graphene sheet with diameter between 0.4 and 2 nm, 
whereas MWNTs are composed of multiple concentric layers of gra-
phene sheets 0.34 nm apart and its fi nal diameter is in between the range 
of 2 and 100 nm [6,7].

Th e diff erent structures, morphologies and properties of CNTs depend 
on the method from which they are prepared and further processed. A 
wide variety of synthetic methods have been developed to synthesise CNTs 
of desired shape, size and properties that is fi t for further scientifi c stud-
ies and for various technological applications. Arc electric discharge, laser 
ablation and chemical vapour deposition (CVD) are quintessential ways for 
the production of CNTs. Arc discharge and laser ablation are early process 
of CNT production. Th ey allow the synthesis of single-walled nanotubes 
in large amount; both these methods rely on the condensation of carbon 
atom generated from evaporation of solid carbon source. Both the method 
arc discharge and laser ablation provides a good quality of CNTs with little 
defect. Nevertheless, the requirement and large amount of energy con-
sumption of both the equipments make them less favourable for nanotube 
production. In spite of these, they usually produce highly entangled CNTs 
bundle which are diffi  cult to manipulate in order to assemble for building 
an addressable structure. Th e third last method based on CVD has been 
emerged as widely accepted method for producing CNTs in recent year. 
Th is method uses thermal decomposition of liquid or gas phase carbon 
source such as carbon mono oxide or hydrocarbons (CH

4
,
 
C

2
H

4
) catalysed 

by metallic particle. Th e growing interest in the CVD process lies on greater 
possibilities of this method for successful synthesis of well separated indi-
vidual SWNTs and also aligned SWNTs or MWNTs with more controlled 
diameter and length. It has also the advantage of being the only technique 
that allows synthesis of CNT directly on a substrate or wafer, thus facilitat-
ing device integration [8,9].

Due to the nano structural properties of CNT, it has appeared as wonder 
material of this new era of nanotechnology. Th ere is no any fi eld remains 
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untouched by this overriding material. It has a huge range of unexplored 
potential applications in various technological areas such as aerospace, 
energy, automobile, medicine or chemical industry, in which they can be 
used as gas adsorbents, templates, actuators, composite reinforcements, 
catalysts supports, probes, chemical sensors, nano pipes, nano-reactors, 
etc. [10].

Most importantly, CNTs hold a lot of potential for medical applica-
tions due to its small dimension. Th e practical uses of CNTs in biomedical 
include their use as channels for biosensors, delivery of drugs, and sheathe 
for enzymes and transfection of DNA [11,12]. Within this new fi eld 
of nanotechnology, the area of biosensor is the most developed and the 
one which has the highest potential. Biosensor based on electrochemical 
principles stand out due to their marked advantage in terms of simplicity, 
robust and low cost. Th ese sensors are becoming very attractive for rapid 
and simple diagnosis in clinical, non-clinical, and environmental research. 
Among all platforms with the interest for biosensor CNT composites are 
presenting as a groundbreaking material that off ers novel possibilities in 
biosensing approach.

Th ere are many CNTs composites employed for biosensing of diff erent 
biomolecules in biological samples. But among all, glucose biosensor has 
its own valuable space in biosensor fi eld. Glucose biosensors alone account 
for about 85% of the entire biosensor market [13]. Glucose biosensors are 
so much important because it stands for most battling disease called dia-
betes mellitus. Diabetes mellitus is one of the commonest long-term dis-
orders and is a chronic disease that has no cure. Despite of recent decrease 
in the rates of cardio vascular disease, it still remains as the most common 
cause of mortality in the whole world. It can only be reduced and con-
trolled by regular tight monitoring of blood glucose level which can be 
only accompanied by a glucose biosensor.

Th ere are various composites used in development of glucose biosensor 
they are SWNT and polypyrrole composites for amperometric glucose bio-
sensor [14], MWNT zinc oxide composites for enzymatic glucose biosensor 
[15], studies of glucose oxidase (GOx)-immobilised MWNT polyaniline 
composites [16], glucose biosensor of platinum nanospheres connected by 
CNTs [17], glucose biosensor based on immobilisation of GOx in platinum 
nanoparticles/graphene/chitosan nanocomposite fi lm [18], etc.

Keeping in view the above wide range of work anyone may easily con-
clude that CNTs are frequently used in composites for the development 
of diff erent biosensors. Th is becomes possible only because of its excel-
lent electrochemical properties. It has large length-to-diameter aspect 
ratios which provide high surface-to-volume ratios. Moreover, CNTs have 
an outstanding ability to mediate fast electron transfer kinetics for a wide 
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range of electroactive species [19–21]. Incorporation of functionalised 
CNTs in polymeric substances is preferred because of its easy solubility 
in them than the pristine form [22]. Chemical functionalisation of CNTs, 
makes them soluble and biocompatible, is helpful to attach any desired 
chemical species to them. Use of CNTs as a major component of biosen-
sor has resulted into the development of novel biomaterials like functional 
polymers, sol–gel materials, and other such materials which have given an 
upsurge to the ongoing researches in this fi eld.

12.2 Background of the Work

Nowadays, there is a little change in the fundamentals of glucose biosen-
sor. Th e fi rst blood glucose meter was not a biosensor. It was the Ames 
refl ectance meter (ARM) (Miles Laboratories, Elkhart, IN, USA) based 
on a refl ectometer. Th at ARM automatically assessed the colour change of 
enzyme-based reagent strips. Th at enzyme strips was Dextrostix introduced 
in 1971. It was the fi rst blood glucose strip. Th en, aft er a period of time 
ARM was succeeded by Ames eyestone. It can be concluded that medieval 
history of blood glucose meter was totally based on refl ectometer [23,24].

Th e concept of biosensors came into light in 1962 with the pioneering work 
of Clark and Lyons of Cincinnati Children’s Hospital. First glucose enzyme 
electrode relied on a thin layer of GOx entrapped over an oxygen electrode via 
a semipermeable dialysis membrane. Th e fi rst enzyme-based glucose sensor 
commenced by Updike and Hicks in 1967. In 1979, the fi rst glucose analyser 
using biomolecule for the detection of blood glucose was commercialised by 
Yellow Springs Instruments Co., USA [24–26]. All the aforementioned bio-
sensors represent the fi rst-generation glucose biosensor. Th e fi rst-generation 
glucose biosensor used natural oxygen as substrate and measured hydrogen 
peroxide produced. Th e amperometric measurement of hydrogen peroxide 
required a high operation potential for high selectivity which was the main dis-
advantage of this biosensor. Th ese drawbacks of fi rst-generation glucose bio-
sensor were overcome by second-generation glucose biosensors. Introduction 
of non-physiological electron acceptor instead of oxygen removed the limita-
tions of this biosensor. Th ese non-physiological electron acceptors were able 
to conduct electron from enzyme to the surface of working electrode. Th e 
various electron mediators are ferrocene, ferricyanide, quinines, tetrathialful-
valene (TTF) and tetracyanoquinodimethane (TCNQ). Th e third-generation 
glucose biosensor was reagentless and was based on direct transfer of electron 
between the enzyme and the electrode without mediators. We are continuing 
with this third-generation glucose biosensor.
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An extensive research is being done on the various aspects for the devel-
opment of an effi  cient glucose biosensor using diff erent techniques like 
amperometry, potentiometry and impedimetry or conductometry. Th ese 
electrochemical techniques show lower detection limit, faster response 
time, better long-term stability and inexpensiveness because of their 
unbeaten sensitivity and selectivity. Th e most important thing is that the 
electrodes can sense the materials which are present over the host without 
doing any damage to the host system.

In the present study, we have characterised a suitable membranous 
 support for the development of a pH-based potentiometric glucose 
 biosensor. It is very challenging to choose an appropriate membranous 
support because all the prerequisite and desired features for an effi  cient 
and successful glucose biosensor only depend on it. It is the target reason 
for a biosensor to being on top among other rivals in sprinter.

For the accomplishment of and giving a successful vision to an endeav-
oured task, there are various hurdles which we have to cross one by one. 
Th e fi rst and the foremost part of this work is the selection and preparation 
of a suitable membranous support. Various conducting polymeric mem-
branes are there which can be used as a membranous support. In the pres-
ent work, we have used cellulose acetate (CA) membrane, an eco-friendly 
polymeric material as a membranous support. Cellulose acetate is gener-
ally recognised as biodegradable polymer within the scientifi c community, 
although CA membrane shows low chemical, mechanical, and thermal 
resistance. It is not aff ected by mineral acid but is sensitive towards oxidis-
ing agent except hypochlorite and peroxide solution [27]. In the present 
work, we have prepared two diff erent membranes CA membrane and 
SWNTs-mixed CA membrane (CA-CNT). Th e second most important 
step is immobilisation of an oxidoreductase GOx enzyme over the mem-
brane. Enzyme that are physically confi ned or localised with retention of 
their catalytic activity is known as immobilised enzyme. Th e immobilisa-
tion of enzyme is a crucial step which is done by either of the methods 
known like adsorption, covalent binding, cross-linking and entrapment.

Th e term immobilised enzyme was adopted in 1971 at the fi rst Enzyme 
Conference [28]. An immobilised molecule is one whose movement in 
space has been restricted either completely or to a small limited region [29]. 
Th e cardinal needs and targeted point that can be reached through immo-
bilisation are the repetitive use of enzyme about 10 times which aff ects the 
cost of enzyme in a colossal manner and also in enhancement of enzyme 
stability against pH, temperature, solvents, contaminants and impurities.

Adsorption is a very simple and old method of immobilisation. Th is 
method is simply placing of aqueous enzyme solution in contact with solid 
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support for a fi xed span of time and enzyme gets attached to membranous 
support either by van der Walls’ forces, ionic bonding, hydrogen bonding 
or by hydrophobic interactions. Th e main disadvantage of this method is 
that enzyme gets easily desorbed by the factors like change in temperature, 
pressure or concentration.

Adsorption

Entrapment is the method based on the localisation of enzyme in the 
lattice of the support material like a natural or synthetic polymer matrice, 
a gel like structure, natural or polymer fi bre and does not contain a direct 
link between the matrice and the enzyme. Th is method is mainly used for 
the immobilisation of microbial, animal and plant cells in which calcium 
alginate is widely used.

Entrapment

Covalent binding is the method in which the enzyme is linked to the 
support through the functional groups in the enzyme which are not essen-
tial for catalytic activity through covalent bond.

Covalent binding

Th e method of cross-linking is an extended form of covalent bind-
ing. In this method a bifunctional or polyfunctional coupling agent, i.e. 
cross-linker is used which provides an intermolecular binding to enzyme 
and membranous support. Th is intermolecular binding provides a better 
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attachment and proper interaction between the two. Common coupling 
agents that may be used for this purpose are glutaraldehyde, bisisocyanate 
derivative, bisbenzidine derivative and succinyldisalicylate. Glutaraldehyde 
which exists in various isomeric forms is used as cross-linker in the present 
work. It is a homobifunctional reagent, and it works in ambient conditions 
and in wide range of pH. It is expected that with one functional end glutar-
aldehyde couple with functional moiety present in membranous support 
and with other end it binds the functional group of enzyme. Th e exact 
mechanism of immobilisation via glutaraldehyde is yet in debate [28–32].

Crosslinking

In last, pH measurement is carried out using CA and cellulose acetate 
carbon nanotubes (CA-CNT) membrane un-immobilised and immobil-
ised followed by comparison of the activity of all the four membranes in 
terms of increase or decrease in pH, sensitivity and data reproducibility to 
obtain the benign host for the pH based potentiometric glucose biosensor.

12.3 Materials and Methodology

Cellulose acetate, CNTs, glutaraldehyde, glucose, sodium dihydrogen 
phosphate, disodium hydrogen phosphate, sodium chloride, acetone and 
GOx were all purchased from Sigma Aldrich.

12.3.1 Preparation of Membranes

For the preparation of CA membrane, 0.15 gm of cellulose acetate pow-
der was dissolved in 10 ml of acetone. For the preparation of CNTs com-
posite, 10 μl of acid-functionalised CNT was added in the above solution. 
Th e solution was stirred continuously for 3–4 hours. Further, the solution 
was spread over three glass petriplates of 7 cm diameter in equal amount 
and kept overnight for drying at room temperature. Th e membranes were 
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removed from petriplates by using deionized (DI) water. It was stored 
between fi lter paper and kept pressed to avoid any wrinkles.

12.3.2 Immobilisation of Enzyme

For immobilisation of enzyme, both the CA and CA-CNT membranes 
were activated by introduction of cross-linker 30 μl 1% glutaraldehyde 
solution prepared in 1 M PBS, 100 μl enzymatic solution of GOx (500U 
GOx) were deposited over activated membranes. Th e membranes were 
further stored at 4°C.

12.3.3 Assay for Measurement of Enzymatic Reaction

Th e potentiometric detection of glucose is based on the measurement of 
change in pH due to the presence of enzymatic layer on the surface of pH 
electrode. Th e decrease in pH is due to the formation of gluconic acid pro-
duced by the enzymatic reaction of glucose and GOx.

 Glucose + O
2
  Gluconic Acid + H

2
O

2

Th e potentiometric measurements were carried out with the help of pH 
meter using a two-electrode electrochemical cell system. Th e bioactive un-
immobilised and immobilised membranes were fi xed on the cylindrical 
tube. Th e glass electrode was placed in contact with the membrane with 
the help of a clamp which acted as working electrode. Another electrode, 
which is reference electrode, was placed inside the glucose solution pre-
pared in 1 M PBS. Th e working electrode along with reference electrode 
(Ag/AgCl) was connected with pH meter. Working solution consist of dif-
ferent concentration of glucose (10–1, 10–2, 10–3, 10–4, 10–5 M) prepared in 1 
M PBS, pH 7.2. Th e experimental set-up is shown in Figure 12.1.

12.4 Characterisation of Membranes

To study the morphology of pristine polymeric membrane and to assess 
the change occurred by the addition of acid functionalised CNTs, the dif-
ferent membranes (un-immobilised and immobilised) were examined by 
optical microscopy and scanning electron microscopy.

12.4.1 Optical Microscope Characterisation

Figure 12.2a shows optical micrograph of pristine CA membrane. 
Figure  12.2b shows appearance of SWNTs spreaded within the CA 

GOx
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4x image of unimmobilized cellulose

acetate membrane(a) (b)

(c) (d)

4x image of unimmobilized carbon nanotubes

mixed cellulose acetate membrane

4x image of immobilized cellulose

acetate membrane

4x image of immobilized carbon nanotubes

mixed cellulose acetate membrane

Figure 12.2 (a) 4× Image of un-immobilised cellulose acetate membrane, (b) 4× image 

of un-immobilised carbon nanotubes mixed cellulose acetate membrane, (c) 4× image 

of immobilised cellulose acetate membrane and (d) 4× image of immobilised carbon 

nanotubes mixed cellulose acetate membrane.

Figure 12.1 Experimental set-up.
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membrane matrix. Figure 12.2c and 12.2d shows a matted appearance of 
GOx enzyme appearing on the membrane matrix.

12.4.2 Scanning Electron Microscope Characterisation

Th e morphology of GOx un-immobilised and immobilised membranes 
were furthur characterised by using a LEO 430 scanning electron micro-
scope (SEM), operating at EHT 15.00 kV with secondary electrons, in high 
vaccum mode. Th e scanning electron micrograph 12.3a and 12.3b of un-
immobilised CA membrane and CA-CNT membrane show that the sur-
face morphology of both the membranes is macro-porous (with the pore 
size 1.09 μm for cellulose aceate and 1.88 μm for celulose acetate CNT-
mixed membrane), uniform with granular-like structure, which is suitable 
for immobilisation of biomolecule. Th e images show that the size of pore 
of the CA membrane is increased with the addition of carbon naotubes.

Figure 12.3c and d shows the surface topography of immobilised CA 
membrane and CNT-mixed CA membrane respectively. From Figure 12.3c, 
it is clear that GOx is spread allover the membrane surface in small circular 
form where as in Figure 12.3d immobilised GOx is spread uniformly in 
the form of interconnected bristle which is fi t over the pore of membrane 
which was measured as 1.88 μm using bare CA-CNT membrane.

12.5 pH Measurements Using Diff erent Membranes

12.5.1 For Un-immobilised Membranes

When un-immobilised CA membrane was used for potentiometric mea-
surement it was observed that the pH increased for all the range of concen-
trations. Th is is because the glucose solution permeates to the pH electrode 
through the membrane and as there is no enzyme available, therefore no 
chemical reaction occurs. Th e values become steady for each range of con-
centration aft er 60 minutes (Figure 12.4a). Similar results were obtained 
by un-immobilised CA-CNTs-mixed membrane. Due to the electro-
chemical properties of CNTs, a remarkable increase in pH was observed 
( Figure 12.4b).

12.5.2 For Immobilised Membranes

When GOx-immobilised CA membrane (CA/GOx) and GOx-immobilised 
CNTs-mixed CA membrane (CA-CNT/GOx) were used for potentiometric 
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Image of cellulose acetate

(unimmobilized ) 10000X(a) (b)

(c) (d)

Image of carbon nanotube-cellulose

acetate (unimmobilized ) 10000X

Image of immobilized cellulose

acetate 5000X

Image of immobilized carbon nanotube-

cellulose acetate 5000X

Figure 12.3 (a) Image of cellulose acetate (un-immobilised) 10000×, (b) image of carbon 

nanotube–cellulose acetate (un-immobilised) 10000×, (c) image of immobilised cellulose 

acetate 5000× and (d) image of immobilised carbon nanotube–cellulose acetate 5000×.
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Figure 12.4 (a) pH versus time graph using un-immobilised cellulose acetate membrane 

and (b) pH versus time graph using un-immobilised carbon nanotubes mixed cellulose 

acetate membrane.
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measurement a gradual decrease in pH was observed (Figure 12.5 a and b). 
Th is is due to the formation of gluconic acid by the reaction between ana-
lyte glucose solution and substrate immobilised GOx. Th e decrease in 
pH with the immobilised CA-CNT membrane is more than immobilised 
CA membrane alone. Th e reason for biosensor, CA-CNT/GOx matrix to 
exhibit a higher glucose response over CA/GOx matrix is due to the larger 
pore diameter in the former, which is in agreement with the data obtained 
through SEM. CNT plays dual role fi rstly by increasing the pore size which 
in turn increases the surface area that is compatible for enzyme immobili-
sation. Secondly, it facilitates enhanced electron transfer between enzyme 
and pH electrode.

12.6 Conclusion

Th e present work was carried out with a view to characterise CA and 
CA-CNTs-mixed membrane as a suitable support for enzyme immobilisa-
tion. Th e results obtained show that CNTs-mixed CA membrane proved 
to be a benign host for the immobilisation of GOX. Th e morphology of 
the membrane obtained through optical micrograph and SEM images also 
assured the immobilisation of enzyme. Th e CA-CNTs-mixed membrane is 
capable to sense the lower range of glucose concentration, i.e. up to 10–5 M. 
Hence, the novel membranous support system will become a leader that 
will be ready to lend a hand in the development of a rapid, economical and 
eco-friendly biosensor.
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Abstract
Green reduction has almost emerged as a separate branch in the synthesis of nano-

material in terms of the urgent needs of energy saving and environment. In favor 

of constituting a green alternative to the use of hazardous chemicals in the pro-

duction of graphene, metal/graphene green composites are materials having eco-

friendly attributes that are technically and economically feasible while minimizing 

the generation of pollution. Th e synthesis, modifi cation, and the performance of 

metal/graphene developed during the past decade and the latest developments 

are comprehensively summarized, especially a focus on diff erent environmentally 

friendly routes toward practical applications in electrochemical energy storage and 

conversion,  electrochemical sensors, heterogeneous catalysis, and   bioelectronics. 

However, apart from use of less toxic chemicals, other notable features of green 

technology are that most operates at mild conditions such as room temperature, 

visible light, and atmospheric pressure making it aff ordable, environmental, and 

cost eff ective for future researches.

Keywords: Metal/graphene composites, green synthesis, energy storage and 

conversion, electrochemical sensors, heterogeneous catalysis, bioelectronics
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13.1 Introduction

Th is chapter presents a summary of environmentally friendly ways to 
synthesize metal/graphene composites for use in energy, detection, and 
environmental remediation. Th e increasing need for environmental pro-
tection and energy production in modern society has prompted signifi cant 
advances in materials science and engineering. In particular, metal/gra-
phene composites have many profound applications compared to tradi-
tional material systems. In this chapter, the following three main routes to 
the synthesis of graphene are summarized: (1) processing of graphite and 
graphite derivatives in the liquid phase by chemical methods, (2) epitaxial 
growth via the high-temperature treatment of silicon carbide (SiC), and 
(3) chemical vapor deposition (CVD) of hydrocarbons on transition metal 
substrates. Among these, the reduction of graphene oxide chemically is 
currently the only feasible means of mass-scale production. On the other 
hand, the preparation of graphene from graphite oxide typically involves 
the use of hazardous reducing agents such as sodium borohydride, form-
aldehyde, and hydrazine posing environmental issues. Th e focus of this 
chapter is on the green synthesis of graphene and metal/graphene compos-
ites as well as their applications in energy storage and conversion, electro-
chemical sensors, and heterogeneous catalysis. Four major green synthesis 
routes are discussed: microwave-assisted method, non-toxic reducing 
agents, in situ sonication method, and photocatalytic reduction method. 
Finally, the applications of these materials in energy and environmental 
areas are described.

13.2 Metal/Graphene Composites

Graphene not only exhibits fascinating electrical conductivity (103–104 
S/m) but also has a high specifi c surface area (2600 m2/g), excellent 
mechanical strength, and various unique features for the design of tailored 
composite materials [1–4]. Currently, the hybridization of graphene with 
metal nanoparticles (NPs) has become an emerging material for many 
potential applications in the areas of effi  cient catalysis, energy conver-
sion and storage, and environmental remediation [5]. Th e next-generation 
metal/graphene composite systems are expected to possess extraordinary 
capability to integrate conversion and storage of solar energy, detection, 
multistep heterogeneous catalysis, and specifi c decomposition of trace 
environmental contaminants.
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13.3 Synthesis Routes of Graphene

Graphene, a two-dimensional nanoscale allotrope of carbon with a honey-
comb structure, is a promising material with many intriguing properties, 
including fast electron mobility, high optical transparency, excellent ther-
mal property, high chemical stability and tensile strength, high elasticity, 
room temperature quantum Hall eff ect, peculiar electronic band structure, 
and electromechanical modulation [6–9]. Th ese remarkable features of gra-
phene have been adopted as promising catalyst supports for tremendous 
potential applications such as energy storage, wastewater treatment, and 
hydrogen production. Any technological application, however, demands 
a reliable source of large-area, high-quality mono-/multilayer graphene 
fi lms. Although the mechanical exfoliation of graphene produces high-
quality graphene in terms of the electrical and mechanical properties [10], 
obtaining  single-layer graphene or few-layer graphene (FLG) via adhe-
sive tape or   mechanical exfoliation methods is impractical in mass-scale 
production because the process yield is low and the graphene fl ake size is 
comparatively small [11]. Th e ability to synthesize and place large-scale 
graphene fi lms on a variety of substrates using methods compatible with 
current industrial technology is very important for future applications. 
Regarding the challenge of producing mass-scale graphene for industrial 
applications, over the past few years, the number of studies on the develop-
ment of facile graphene approaches has increased dramatically. A range of 
methods have been explored to synthesize graphene for mass production, 
such as the chemical exfoliation of graphene [12], epitaxial growth of gra-
phene [13], and       CVD [14]. Figure 13.1 summarizes the four main catego-
ries of the synthesis methods for graphene.

13.3.1 CVD Synthesis of Graphene

  CVD synthesis of graphene on catalytic transition metal surfaces, such as 
nickel and copper [15], has emerged as an important method for the prep-
aration and production of graphene for a range of applications because of 
the large area and superior structural, electrical, optical, and mechanical 
properties. In CVD growth, reactant gas species are fed into the reactor 
and pass through a hot zone, where hydrocarbon precursors decompose 
to carbon radicals on the metal substrate surface, and then form single-
layer graphene and FLG depending on the reaction gases fl ow rate, reac-
tion time and temperature, pressure of synthesis, and cooling rate [16]. 
  Previous reviews [17–19] focused on the synthetic methods of graphene 
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with novel architectures for potential applications in energy production 
and storage, electrochemical sensors, and biosensors. Th is section focuses 
mainly on the gas-phase synthesis of graphene on catalytic transition metal 
surfaces; specifi cally, metal nickel and copper.

In a typical gas-phase synthetic route, gaseous hydrocarbons as the car-
bon source are introduced at elevated temperatures (~1050 C) together 
with a suitable metal substrate working as a catalyst to lower the energy 
barrier of the reaction. Th ese reagents are reacted at a certain tempera-
ture and reaction time under high pressure. By varying the cooling rates, 
growth time and hydrocarbon concentration, the thickness and morphol-
ogy of graphene can be controlled.

Guermoune et al. [20] reported a method to synthesize graphene on 
copper foils in a tube furnace using diff erent liquid alcohols. Th e fi eld-
eff ect mobility of large-area graphene transistors was measured at room 
temperature to be in the range of 1800–2100 cm2/V s, at carrier densities 
between 1011 and 1012 cm–2, exhibiting high carrier mobility. Th is result 
paves the way for using low-purity carbon sources to grow high-purity, 
large-area graphene fi lms. Maria et al. [21] examined in real time, the 
CVD kinetics using CH

4
–H

2
 precursors on both polycrystalline copper 

and nickel foils. Th e results showed that hydrogen acts as an inhibitor of 
CH

4
 dehydrogenation on copper, helping suppress deposition onto the 
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Figure 13.1 Th ere are several methods of mass production of graphene, which allow a 

wide choice in terms of size, quality, and price for any particular application. (Adapted 

with permission from Ref. [1]. Copyright 2012 Nature.)
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copper substrate, and degrades the quality of graphene. In the case of Ni, 
however, the resurfacing recombination of hydrogen aids CH

4
 decompo-

sition. Recently,  there has been a shift  in the research focus in the fi eld 
from developing techniques for graphene synthesis to designing strategies 
for transferring a high-quality, transferable, large-area graphene fi lms to 
various substrates [22, 23]. For example, Liu et al. [24] reported that uni-
form large area (>100 μm2) single-layer graphene could be produced on an 
annealed nickel catalyst of predominantly (111) oriented grains within 50 
s using a hot-wall CVD system followed by a rapid cooling (7–25 C/min). 
Zhao et al. [25] reported the low-pressure alcohol catalytic CVD growth of 
graphene to synthesize graphene fi lms with high surface coverage (>80%) 
in less than 30 s growth time. In their study, they used isotopically labeled 
13C ethanol as the precursor to examine the growth mechanism of gra-
phene on Ni substrates. Th e results showed that both 12C-graphene and 
13C-graphene fl akes can form independently, even at high temperatures 
(900 C). Alternatively, Huang et al. [26] reported that high-quality gra-
phene fi lms on Ni foils can be obtained using a cold-wall reactor by rapid 
thermal CVD, as shown in Figure 13.2(a). Th e high-quality graphene fi lms 
were produced by reducing the growth time to 10 s, suggesting that a direct 
growth mechanism may play a larger role rather than a   precipitation mech-
anism [27]. Th e results showed that a lower H

2
 fl ow rate is favorable for 

the growth of high-quality graphene fi lms, and graphene fi lms prepared 
in the absence of H

2
 achieved a sheet resistance as low as 367 Ω per square 
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Figure 13.2 (a) Diagram of the cold-wall CVD system (adapted with permission from 

Ref. [2]. Copyright 2012 Elsevier). (b) A diagram to show the roll-to-roll process for the 

transfer of FLG from nickel foil to EVA/PET substrates (adapted with permission from 

Ref. [3]. Copyright 2010 Elsevier). (c) Synthesis of patterned graphene fi lms on thin nickel 

layers (adapted with permission from Ref [4]. Copyright 2009 Nature).
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coupled with 97.3% optical transmittance at 550 nm, which is much better 
than for those grown by  hot-wall CVD systems [28].

Kim et al. [10] reported a simple roll-to-roll method to grow a Ni/SiO
2
/

Si substrate and transfer high-quality stretchable graphene fi lms on a large 
scale by CVD on thin nickel layers, as shown in Figure 13.2(b). Th e result-
ing patterned fi lms can be transferred easily to stretchable substrates using 
simple contact methods, which showed a very low sheet  resistance of ~280 
Ω per square, with ~80 % optical transparency. In such an approach, mono-
layer graphene can be transferred easily to silicon dioxide substrates at low 
temperatures (~25 C), showing an electron mobility greater than 3700 
c  m2 V–1 s–1 and exhibiting a half-integer quantum Hall eff ect. Moreover, the 
number of graphene layers can be controlled by varying the thickness of 
the catalytic metals, the growth time and/or the ultraviolet treatment time; 
scaling up can be readily achieved, and the outstanding properties of the 
graphene fi lms enable numerous applications [29, 30].

Although a low-pressure CVD approach was shown to be scalable for 
large-area graphene fi lm fabrication, it does not appear to be as appealing 
as ambient pressure deposition for the continuous high-quality   ‘roll-to-
roll’ [31] mass production of graphene. Juang et al. [22] synthesized   FLG 
fi lms by CVD using Ni foil as a substrate. Th e results obtained proved that 
controlling the cooling rate of the CVD process may not be suitable param-
eter for controlling the thickness of the graphene fi lms, mainly because 
deposition and precipitation mechanisms can occur simultaneously dur-
ing graphene growth. In addition, they transferred FLG to transparent 
fl exible polyethylene terephthalate (PET) substrates via an effi  cient ‘roll-
to-roll’ process, as shown in Figure 13.2(c) and found that the thickness of 
the graphene fi lms on PET is dependent on their initial thickness on the 
Ni surface. Recently, Vlassiouk et al. [32] reported graphene growth on 
copper foils by CVD at atmospheric pressure using a mixed fl ow of stock 
gases (H

2
 and CH

4
) as the methane source, which is signifi cant advantage 

over low-pressure CVD. Th e results suggested that the atmospheric CVD 
approach eliminates the diffi  culties associated with the low-pressure CVD 
approach while allowing the straightforward employment of this technol-
ogy in roll-to-roll industrial-scale graphene production. According to their 
study, a 40” single-layer graphene with graphene domains generally larger 
than 100 μm was obtained successfully and then transferred on transparent 
PET substrates, using a roll-to-roll approach, highlighting the potential for 
many commercial and research applications. In another important com-
prehensive study, Zhang et al. [33] reported the formation of graphene on 
single crystal Ni (111) and polycrystalline Ni substrates by CVD. Th e results 
showed that the preferential formation of monolayer/bilayer graphene on 
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the single crystal surface can be attributed to an atomically smooth surface 
and the absence of grain boundaries. In contrast, CVD graphene formed 
on polycrystalline Ni leads to a higher percentage of multilayer graphene, 
surface mapping showed that the area percentage of monolayer/bilayer 
graphene are 91.4% for a Ni (111) substrate and 72.8% for a polycrystal-
line Ni substrate. Pristine large-area graphene fi lms produced by CVD are 
always polycrystalline and contain grain boundaries that can potentially 
weaken the material. Lee et al. [34] examined the mechanical properties of 
CVD graphene fi lms with diff erent grain sizes. Th e results showed that the 
elastic stiff ness of CVD graphene is identical to that of pristine graphene if 
the post processing steps can avoid damage or rippling.

Despite the signifi cant progress reviewed in this section, there are a 
number of important challenges, as discussed in the following. Th e syn-
thesis of graphene with a large and controlled grain size with a precisely 
controlled thicknesses and spatial structures is very important for a range 
of electronic applications. Th e growth of wafer-sized graphene single crys-
tals to further facilitate the fabrication of graphene-based devices and low-
temperature graphene growth will be attractive for reducing the cost and 
may enable direct growth on fl exible polymer-based substrates [16, 35].

13.3.2 Liquid-Phase Production of Graphene

   Th e liquid-phase production of graphene involves dispersing graphite in 
a solvent, whose surface energy matches that of graphene, with a surface 
tension that favors an increase in the total area of graphite crystallites [36].  
Typically, the solvent is non-aqueous, but aqueous solutions with a surfac-
tant can also be applied successfully [37]. Figure 13.3 presents the liquid-
phase exfoliation (LPE) process of graphite. During the process, graphite 
splits into individual platelets with the aid of sonication for several hours 
[38] and yields a signifi cant fraction of monolayer fl akes in the suspen-
sion, which can be enriched further by  centrifugation [12]. Th e  extensive 
technique has been applied for the oxidation and subsequent exfoliation 
of graphite to produce graphene oxide. Th e high quality of the graphene 
fl akes obtained is comparable to micromechanical exfoliation [36].

Zhang et al. [39] reported the synthesis of FLG sheets with a controlled 
number of layers (3 or 4) on a large scale by the chemical reduction of 
few-layered graphene oxide (FGO) using hydrazine vapor reduction for 
chemical reduction and examined the eff ects of various   chemical and ther-
mal reduction treatments on the electrical conductivity of FLG transparent 
fi lms. Th e results showed that the reduced FGO has much better electri-
cal conductivity of 108 S/cm, which is two orders of magnitude higher 
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than that of reduced GO aft er the reduction treatments under the same 
conditions as that used for GO. Th e excellent conductivity of the reduced 
fi lms indicated that it has great potential for large-scale and low-cost appli-
cations compared to its single-layered counterpart. Following the work 
reported by Zhang et al. [39], Stankovich et al. [40] reported the reduction 
of exfoliated graphene oxide sheets in water with hydrazine. Th e prepara-
tive carbon-based nanoplatelet consisted of thin graphene-based sheets 
(30–100 nm) and had a high specifi c surface area (466 m2/g). Th is result 
provided evidence to support the claim that GO can be exfoliated com-
pletely into individual graphene oxide sheets and that the chemical reduc-
tion of such sheets can furnish graphene-like sheets. Recently, Liu et al. 
[41] reported a facile method for improving the effi  ciency of the liquid 
exfoliation of graphene using organic solvent cyclohexanone. Th e yield of 
graphene sheets in solvents was increased signifi cantly (up to   20 times) due 
to NaOH intercalation into graphite; expandable graphite augments the 
graphite intercalating space of the adjacent graphite layers. Although pre-
vious studies [42–44] described   the dispersion and exfoliation of graphene 
oxide, these techniques also suff er from the formation of structural defects 

Solvent molecule

(e.g. N-mehtyl-2-pyrrolidone (NMP))

Graphite

Surfactants / intercalators

(so-called surface stabililzers)

Graphene

Liquid-phase exfoliation

Surfactant-assisted

liquid-phase exfoliation

Figure 13.3 Schematic representation of the LPE process of graphite in the absence (top 

right) and presence (bottom right) of surfactant molecules. (Adapted with permission 

from Ref [5]. Copyright 2014 Royal Chemical Society.)
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during the oxidation process. Th ese defects continue to disrupt the elec-
tronic structure of graphene to render it semiconducting [13]. Th erefore, a 
non-covalent, solution-phase method to produce signifi cant quantities of 
defect-free, unoxidized graphene is urgently needed. Recently, Hernandez 
et al. [12] produced high-quality unoxidized monolayer graphene in sig-
nifi cant yield by the non-chemical, solution-phase exfoliation of graphite 
in organic solvents, such as N-methyl-pyrrolidone. Graphene obtained 
without signifi cant structural defects can be dispersed at concentrations of 
up to 0.01 mg/ml. Th eir method resulted in a monolayer yield of ~1 wt%, 
which could potentially be improved to 7–12 wt% with further processing. 
Some groups [45, 46] reported a signifi cant breakthrough in that  graphite 
could be exfoliated in certain solvents to provide defect-free monolayer 
graphene using particular solvents, such as N-methyl-pyrrolidone [47], 
whose surface energy is so well matched to that of graphene that exfolia-
tion occurs freely. On the other hand, N-methyl-pyrrolidone solvents are 
expensive and require special care when handling. Moreover, this type of 
solvent tends to have a high boiling point, making it diffi  cult to deposit 
individual monolayers on the surfaces. Taking these factors into consider-
ation, it is logical to develop an alternative liquid-phase process that results 
in the exfoliation of graphite to provide graphene in reasonably high yield. 
With regard to this, Lotya et al. [48] developed a method to disperse graph-
ite in surfactant–water solutions with the aid of ultrasound. Although the 
exfoliated graphene fl akes have a relatively large potential barrier, which 
originates from the coulomb repulsion between the surfactant-coated 
sheets, they are stabilized against re-aggregation by the negative surface 
charge. Compared to other chemical reduction methods reported, Rio-
Castillo et al. [49] reported the ball-milling exfoliation of graphitic into 
single-layer graphene   by adding   small amounts of solvent. Th ey showed 
that it is feasible to discriminate between monolayer graphene and poorly 
exfoliated fi bers selectively by simply taking advantage of the Hansen 
solubility parameters. Th is technique may permit an inexpensive and 
scalable means of producing monolayer graphene in suspension. Parvez 
et al. [50] reported another breakthrough; the exfoliation of graphite into 
graphene using aqueous solutions of inorganic salts. Th ey obtained gra-
phene in high yield (>85%, ≤3 layers), large lateral size (up to 44 μm), and 
a remarkable hole mobility of 310 cm2 V−1 s−1. Th e effi  cient exfoliation of 
graphene was achieved by   coupling gas-producing thermal decomposition 
and mechanical exfoliation on a macroscale with non-covalent exfoliation 
and preservation of graphene properties on a molecular scale. Xia et al. 
[51] comprehensively presented diff erent exfoliation routes of graphite 
to produce graphene by sonication in a solvent, chemical oxidation and 
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electrochemical oxidation. Compared to the previous reports, they chose 
as a starting substrate the fl at surface of highly oriented pyrolytic graphite 
(HOPG), rather than using graphite powder or microscopic fl akes. Th ey 
showed that chemical oxidation and electrochemical oxidation methods 
are very eff ective ways but the process results in defective graphene. On 
the other hand, the sonication of HOPG in organic solvents can produce 
the best quality graphene but acts only on the uppermost few nanome-
ters of the surface, requiring a lengthy treatment time. On the other hand, 
prolonged sonication leads to the undesirable fragmentation of exfoliated 
graphene sheets, which results in small-sized graphene sheets of lateral 
dimension ~1 mm [52].

In summary, the liquid exfoliation of graphene has been shown to pro-
duce pristine graphene and its derivatives exhibit highly desirable proper-
ties and performance in many applications. On the other hand, a signifi cant 
challenge in the large-scale production of FLG is to select or design proper 
exfoliating reagents, including the appropriate solvents and assistants. An 
ideal exfoliation system should involve the use of a commonly available sol-
vent, an assistant that can be removed easily, and low-cost natural graph-
ite powder. A deep understanding of the mechanisms of the exfoliation 
of graphite will be essential to the design and discovery of new molecules 
with enhanced affi  nity for the basal plane of graphene, thereby boosting 
the LPE and enhancing the average size of the crystal while retaining good 
solubility in organic media, such as chloroform or ethanol [53, 54].

13.3.3  Epitaxial Growth of Graphene 

Th e epitaxial growth of graphene is a commonly used technique for creat-
ing high-quality monolayer graphene [55]. Originally, epitaxial graphene 
was grown from SiC by simply heating and cooling. Generally, single- or 
bilayer graphene forms on the Si face of the crystal, whereas FLG grows 
on the C face [56].      Molecular beam epitaxy has been used to grow   epi-
taxial graphene layer   on SiC substrate at temperatures ranging from 
1000 to 1100 C [57]. Th e   molecular beam epitaxy (MBE) process, how-
ever, requires an ultra-high vacuum, which makes the process tedious and 
impractical for mass production. Th e typical epitaxial growth of graphene 
can be described in Figure 13.4(a–f). Graphene with the desired quality 
can be obtained through the use of this method by optimizing the growth 
parameters, such as temperature, heating rate, and pressure. Th e details of 
this process as well as the characterization of epitaxial graphene on SiC and 
its manipulation according to its technological relevance are discussed in 
the following part.
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An understanding of the   epitaxial graphene growth mechanisms at the 
atomic level plays a crucial role in the synthesis of high-quality graphene 
[58]. Recently, Kara et al. [59] observed silicon nanowires self-aligned in 
a massively parallel array on Ag(110) by scanning tunneling microscopy. 
Th ey proved by density functional theory (DFT) that Si atoms tend to 
form hexagons on top of the Ag substrate in a honeycomb, graphene-like 
arrangement. Özçelik et al. [60] performed atomic structure optimization 
and   ab initio fi nite temperature molecular dynamics (MD) calculations 
within DFT using VASP soft ware. Th ey found that the growth of graphene 
is under the control of two mechanisms. Th e fi rst is the formation of large 
carbon rings at the edges that eventually collapse to form a honeycomb 
structure with defects. Th e second mechanism is the formation of penta-
gon–heptagon defects near the edge followed by their healing.

Th e factors infl uencing graphene growth were also examined using dif-
ferent substrates such as Ru(0001), Ni(111), Cu(111), and Pd(111) [61–63]. 
For example, Gao et al. [64] reported the epitaxial growth of graphene 
on a Pt(111) surface. Th e result showed that the proportion of diff erent 
rotational domains varies with the growth temperature and the graphene 
quality can be improved by adjusting both the growth temperature and eth-
ylene exposure. Th e prepared graphene was grown by exposing the Pt(111) 
substrate to high-purity (99.995%) ethylene, whereas the substrate tem-
perature was varied from 773 to 1073 K. Moreover, the interaction between 
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graphene and the Pt surface is quite weak, and the electronic structure is 
similar to that of free-standing graphene. Hu et al. [65] reported the atmo-
spheric pressure growth of single-layer graphene over a crystalline Cu 
(111) fi lm deposited heteroepitaxially on a c-plane sapphire substrate. Th e 
temperature was found to aff ect the quality and orientation of graphene 
grown on the substrates. Moreover, the method indicated rapid exchange 
of the surface-adsorbed and gas-supplied carbon atoms at higher tempera-
tures, resulting in highly crystallized graphene with energetically the most 
stable orientation consistent with the underlying Cu (111) lattice. De Heer 
et al. [56] used the near-equilibrium, confi nement-controlled sublimation 
method to produce epitaxial graphene (mono and multi) layers on a SiC 
wafer. Th e method allows good control of the graphitization temperatures 
in the case of producing defective graphene layers at low temperatures. In 
addition, it allows further control of the graphitization rates by introducing 
inert gasses to instantly inhibit graphene growth. Th e synthesis of graphene 
via the decomposition of SiC has opened a promising route for the large-
scale production of graphene. On the other hand, the almost perfectly 
ordered crystal SiC and the harsh process conditions, such as ultra-high 
vacuum, have limited the synthesis of graphene by the decomposition of 
SiC. Peng et al. [55], however, showed that amorphous TiC can be trans-
formed to graphene nanosheets (GNS) with tunable layers by chlorination 
under ambient pressures. Hexagonal borazon (h-BN) has recently emerged 
as an excellent substrate for graphene nanodevices. Yang et al. [66] reported 
the epitaxial growth of a single-domain graphene on h-BN by the plasma-
assisted deposition method. Th e scalable production graphene single crys-
tals were grown successfully on h-BN with a fi xed stacking orientation.

Although some signifi cant progress has been made, enormous challenges 
still need to be overcome for the epitaxial growth of graphene to be achieved. 
One such limitation is that graphitization in a vacuum always transforms 
the ordered substrate surface to a rugged surface covered by small graphene 
domains with prominent thickness variations. Such disorder not only hin-
ders further processing but also limits the device performance by scattering 
charge carriers fl owing in the active graphene layer [67].

13.4  Green Synthesis Route of Metal/Graphene 
Composites

  Metal/graphene composites exhibit novel dimension-dependent proper-
ties, leading to tremendous attractive applications in energy storage, catal-
ysis,   sensors, and environmental remediation [5, 68–70]. Metal/graphene 
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composites of specifi c sizes and morphologies can be synthesized feasibly 
using various chemical and physical methods. On the other hand, most 
of these methods use aggressive reducing agents, toxic solvents, and non-
biodegradable stabilizing agents, or have high energy consumption, posing 
potential environmental and biological risks. A large number of research 
technologies [71, 72] have been used for the green synthesis of metal/gra-
phene nanostructures in aqueous solutions, and the related experimen-
tal data has been well documented. Th is section reviews the recent main 
progress in the green synthesis of metal/graphene composites in aqueous 
solutions.

13.4.1  Microwave-Assisted Synthesis of Metal/Graphene 
Composites

Th e search for effi  cient heating methods to process reactions has led to 
the use of microwave radiation as an alternative power source to carry out 
chemical reactions [73]. Microwave chemistry has been a well-established 
technique in organic synthesis since the fi rst reports in 1986 [74, 75]; its 
use in the synthesis of inorganic nanomaterials is still at the initial stages 
and is far from reaching its full potential [76]. Th e rapidly growing number 
of papers in this fi eld suggests that microwave chemistry will play a vital 
role in the broad fi eld of nanoscience and nanotechnology. Microwave-
assisted synthesis methods not only reduce the chemical reaction times by 
several orders of magnitude but also create smaller particulate materials 
[77]. In particular, the synthesis of NPs and nanostructures, whose growth 
is quite sensitive to the reaction conditions, can benefi t from effi  cient and 
controlled heating, as provided by microwave irradiation, thereby contrib-
uting to energy savings and satisfying the demands for environmentally 
friendlier synthetic nanotechnology. Th is section is not meant to give an 
exhaustive overview of all nanomaterials synthesized using the microwave 
technique but to discuss the principles, advantages, and limitations of 
microwave chemistry for metal/graphene composites along with its appli-
cation in many areas of synthetic chemistry. Among the various methodolo-
gies for producing nanostructures of inorganic/inorganic nanocomposites, 
the microwave-assisted preparation of metal/graphene nanostructures has 
been investigated most intensively [78]. Metal/graphene composites have 
been developed by a facile and scalable chemical reduction method uti-
lizing microwave irradiation with a variety of reducing agents in either 
aqueous or organic media [79]. Zhang et al. [80] reported the synthesis of 
graphene-supported Pd

1
Pt

3 
(Pd core/Pt shell) electrocatalysts by the simul-

taneous reduction of GO and metal salts, resulting in the dispersion of 



440 Advanced Bioelectronic Materials

metallic and bimetallic NPs supported on a large surface area of thermally 
stable 2D graphene sheets. Th e results showed that the introduction of 
graphene increases the electrochemically active surface area of the Pd

1
Pt

3
 

nanostructures. Compared to the unsupported Pd
1
Pt

3 
electrocatalyst, the 

graphene-supported Pd
1
Pt

3
 electrocatalyst exhibited 80% enhancement of 

the electrocatalytic specifi c mass current for the oxidation of methanol. 
Siamaki      et al. [81] reported highly active Pd NPs supported on graphene 
(Pd/G) by the microwave-assisted chemical reduction of the correspond-
ing aqueous mixture of a palladium salt and dispersed graphite oxide 
(GO) sheets. Th e as-prepared Pd/G showed excellent catalytic activity for 
 carbon–carbon cross-coupling reactions [82] with a wide range of utility 
under ligand-free ambient conditions in an environmental solvent system. 
Th is process also off ers a remarkable turnover frequency (108,000 h–1), as 
observed in microwave-assisted Suzuki cross-coupling reactions with easy 
removal from the reaction mixture, as well as recyclability with no loss 
of activity. Jen et al. [83] prepared the graphene nanosheet/polyethylenei-
mine/gold NP (GNS/PEI/AuNP) composite by microwave-assisted chemi-
cal reduction method, as is shown in Figure 13.5. Th e prepared GNS/PEI/
AuNP composite fi lm exhibited excellent sensitivity (0.2 A M–1 cm–2) 
toward the selective determination of dopamine in the presence of ascorbic 
acid, which showed potential application in electrochemical sensors.

Graphene-supported monometallic composites have been studied 
extensively. Compared to individual NPs, bimetallic NPs exhibit enhanced 
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catalytic properties. Bimetallic Au/Ag alloy–graphene hybrids were pre-
pared using a one-step microwave-assisted method [84].   Th is is based on 
the fact that potential energy of Ag is smaller than that of Au [85], so elec-
trons can transfer from Ag to Au, contributing to a synergistic eff ect for 
the catalytic activity of the hybrids. Microwave-based methods have been 
employed to synthesize inorganic nanostructures on a range of substrates. 
On the other hand, the mechanism for the rapid heating of a high dielectric 
loss solvent leading to the formation of nanostructures on the substrate is 
not fully understood. Kundu et al. [86] introduced the synthesis of catalyti-
cally active graphene/Pt nanohybrid via microwave-assisted route. Th ey 
indicated a synergistic co-reduction mechanism because the presence of 
Pt ions leads to the faster reduction of GO and the presence of the defect 
sites on the reduced GO serves as anchor points for the heterogeneous 
nucleation of Pt on graphene. Th e resulting hybrid consists of ultra-fi ne 
NPs of Pt distributed uniformly over the reduced GO substrate. An exfo-
liation mechanism involves the spontaneous decomposition of an ammo-
nia solution by microwave radiation to form gaseous NH

3
 and H

2
O, which 

perform the exfoliation [87].
Recently, Tian et al. [88] developed an environmentally friendly, one-

pot strategy for the preparation of Ag NP-decorated reduced graphene 
oxide (AgNPs/rGO) composites without an extra reducing agent. Th e for-
mation of AgNPs/rGO was accomplished by heating the mixture of GO 
and AgNO

3
 aqueous solution directly in the presence of alkaline at 80 °C 

for 10 min with stirring. In the process, GO serves as a reducing agent and 
is converted to reduced graphene oxide (rGO) spontaneously under alka-
line conditions. Hu et al. [89] dispersed minuscule amounts of graphene 
into a GO matrix and created an avalanche-like deoxygenating reaction 
of GO with local heating stimulated by graphene under microwave irra-
diation and graphene formation, which shows a high specifi c surface area 
(415 m2/g) and specifi c capacitance (120 F/g). Guo et al. [90] proposed 
a one-step microwave-assisted heating procedure to synthesize a Pt NP 
ensemble-on-graphene hybrid nanosheet, and then dispersed it in a water/
ethanol mixture with sonication to produce a colloidal suspension. Th e 
composite material obtained combined the unique and attractive electro-
catalytic behavior of graphene particles with the good electronic and cata-
lytic properties of Pt/graphene particles. In contrast to previous studies, 
Chen et al. [91] prepared tin–graphene nanocomposites using a combi-
nation of a microwave-assisted hydrothermal reaction and H

2
 reduction. 

When applied as an anode material in lithium ion batteries, the obtained 
Sn–graphene nanocomposite exhibited a high lithium storage capacity of 
1407 mAh g–1. Th e Sn–graphene composite (weight ratio of 1:4) exhibited 
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a high initial reversible specifi c capacity of 946 mAh g–1 at a large current 
density of 1600 mA g–1, and a high specifi c capacity of 542 mAh g–1 was 
maintained aft er 30 cycles. Th is showed that the electrode has excellent 
high rate capacity and stable cycle performance.

Th e use of  microwave chemistry opens up remarkable opportunities for 
the eco-friendly synthesis of metal/graphene, which cannot be provided 
by other synthesis techniques. Although such time saving approaches are 
highly desirable, the infl uence of microwaves on the nucleation and growth 
of metal/graphene in the liquid phase under microwave irradiation remain 
to be answered [92, 93]. In conclusion, methods for measuring the local 
temperatures with high resolution need to be developed to understand the 
eff ects of selective heating and to take advantage of it in a rational way. Th e 
energy effi  ciency of microwave approaches and their scale-up to industrial 
quantities need to be addressed further.

13.4.2 Non-toxic Reducing Agent

Despite the distinctive advantages of the chemical route for the reduction 
of GO, this can be   eliminated by the chemical modifi cation of graphene 
using highly toxic reducing agents [94] (hydrazine, hydroquinone, sodium 
borohydride, etc.). Th e presence of trace amounts of such toxic agents 
might have a detrimental eff ect on humans and the environment. Th e use 
of green nanotechnology on the reduction of GO can overcome the above 
problem. From the literature, various phytochemicals obtained from dif-
ferent natural sources, such as [95] amino acid [96, 97],     tea solution [97], 
wild carrot root [98], melatonin [99], and  reducing sugar [100], have been 
used. Th e signifi cant features of these phytochemicals are their abundance 
in nature and cost eff ectiveness along with their specifi c physicochemi-
cal properties [72]. More specifi cally, the negatively charged functional 
groups that exist on the surface of GO allow for the nucleation of positively 
charged non-toxic reducing agent in the presence of metallic salts, result-
ing in the growth of metal NPs on the GO surface and form rGO/metal NP 
composites.

Adhesive dopamine has been used successfully for the reduction of gra-
phene oxide, which exhibits a controllable 2D morphology, reducing capabil-
ity and aqueous stability [101]. Th e drug- and dye-loading tests showed that 
the resulting rGO presented high loading capacities as pristine GO. Wang et 
al. [102] confi rmed the strong interactions between the reduced graphene 
and tea polyphenol (TP), which provides good dispersion of the reduced 
graphene for the synthesis of graphene. Similarly, the use of a carrot extract 
in the green synthesis of rGO was also studied. Vusa et al. [103] revealed the 
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potential of a wild carrot extract in the bio-reduction of GO. Raman spec-
troscopy showed that the I

d
/I

g
 band ratio of 0.979 for GO increased to 1.198 

aft er complete reduction, indicating the eff ective restoration of a carrot 
extract for the in-plane sp2 domains in the resulting rGO. Interestingly, the 
reduction took place not because of the phytochemicals but due to the endo-
phytic microorganism that are always present in the wild carrot extract and it 
was achieved at 90 C in aqueous media. Recently, Hsu et al. [104] presented 
a green route for the formation of Ag NPs and the reduction of graphene 
oxide simultaneously using l-arginine as a reducing agent to yield a Ag/rGO 
nanocomposite. Th e detectable concentration of 4-aminothiophenol with 
the Ag/rGO nanocomposite as the Surface-enhanced Raman spectroscopy 
(SERS) substrate could be reduced to 10–10 M and the enhancement factor 
value could be increased to 1.27 × 1010. Similarly, Song et al. [105] prepared 
high-quality graphene using oxalic acid as the reducing agent combining 
the advantages of low-toxicity, mild synthesis conditions and simple purifi -
cation process. Th e as-prepared graphene deposited on platinum exhibited 
higher electrocatalytic activity for the methanol oxidation reaction.

Fernández-Merino et al. [94] compared the deoxygenation effi  ciency of 
graphene oxide suspensions using diff erent reductants, such as vitamin C 
and hydrazine, as well as by heating the suspensions under alkaline condi-
tions. Th ey showed that vitamin C can yield highly reduced suspensions in 
a comparable manner to those provided by hydrazine. In addition, stable 
suspensions of vitamin C–rGO could be prepared not only in water but 
also in common organic solvents. As another example,   Hsu et al. [106] 
reported a facile and rapid microwave-assisted green route for the uniform 
deposition of Ag NPs and the reduction of graphene oxide simultaneously 
with l-arginine as the reducing agent. Th e I

d
/I

g
 ratios of the obtained rGO 

(1.07) and Ag/rGO (1.11) nanocomposite were larger than that of GO 
(0.78) because the conjugated graphene network would be re-established 
aft er chemical reduction of GO but the size of the re-established graphene 
network was usually smaller than the original graphite layer, leading to the 
increase in I

d
/I

g
 ratio, which demonstrated that silver ions and GO were 

reduced simultaneously by l-arginine. In particular, a combination of two 
or more plant extracts was found to have more eff ective antioxidant proper-
ties than a single compound. Th is synergistic eff ect was more pronounced 
when lycopene or lutein was present in the mixture [103]. Gao et al. [107] 
produced graphene using vitamin C as the reducing agent and an amino 
acid as the stabilizer. Th ey showed that graphene reduced by vitamin C 
exhibits a 106-fold increase in conductivity compared to that of graphite 
oxide. Tran et al. [108] prepared rGO nanosheets using non-aromatic and 
thiol-free amino acids as the reducing agent. Structural studies confi rmed 
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the deoxygenation of GO from the loss of hydroxyl, carbonyl, and epoxy 
groups and that preparative graphene sheets between 20 and 70 nm are 
suitable for broad biomedical applications.

In the synthesis of rGO, one of the major drawbacks is the aggregation 
of graphene sheets because of the strong affi  nity between the two adja-
cent layers of graphene that lead to the formation of irreversible aggre-
gates [109]. Th e decoration of metals on the rGO surface could prevent the 
direct π–π interactions between the layers and minimize aggregation [110]. 
Wang et al. [102] produced soluble graphene by reducing GO in a green tea 
solution. Th e polyphenols in the tea solution act as both a reducing agent 
and stabilizer, resulting in graphene with good solubility against aggrega-
tion in both aqueous solvents and a variety of organic solvents. Previous 
studies showed that the reduction of GO sheets by polyphenols in the pres-
ence of metal precursor ions resulted in better recovery of the graphitic 
structure of the sheets, which is in contrast to reduction by hydrazine. In a 
similar study by Akhavan et al. [111], graphene was synthesized using TP 
as a reducing and stabilizing agent at low temperatures in the presence of 
iron precursor ions. Th e results indicated that the reduction level and elec-
trical conductivity of synthetic graphene in the presence of polyphenols 
and iron ions at 40 C was much better than those of GO reduced by only 
polyphenols or iron ions at 80 C.

Few studies have examined the implementation of green approaches 
in the preparation of graphene and graphene–metal NP hybrids with 
enhanced functionality from graphite oxide. In particular, the use of bio-
reductants and the testing of their relative effi  cacies are an emerging area 
of research. Fernández-Merino et al. [112] reported the use of biomole-
cules to prepare rGO–Ag NP hybrids. Th ese hybrids displayed colloidal 
stability in water without the need for additional dispersants. Specifi cally, 
hybrids prepared with pyridoxamine exhibited a combination of long-
term colloidal stability and exceptionally high catalytic activity among 
the Ag NP-based catalysts in the reduction of p-nitrophenol with NaBH

4
. 

Similarly, Gnanaprakasam et al. [113] reported the eco-friendly biosynthe-
sis of Ag nanowires on a rGO surface (Ag NWs–rGO) using an aqueous 
extract of Abelmoschus esculentus as a reducing and stabilizing agent. Th e 
size of the synthesized Ag NWs–rGO was approximately 92 nm in average 
thickness, and the length was in the range of a few micrometers.

13.4.3 In Situ Sonication Method

Th e chemical production of graphene from graphene oxide involves com-
plicated processes, for which very strong oxidizing and reducing agents are 
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needed [114]. In addition, the graphene prepared under these harsh chemi-
cal conditions oft en contains a large number of defects even aft er reduction 
compared to graphene obtained from other methods [115]. Ultrasound, 
however, is a proven alternative to producing high-quality graphene in large 
quantities, and it is also environmentally friendly. Researchers have devel-
oped slightly diff erent ways using ultrasound; but in general, the graphene 
production is a simple one-step process. Recently, Ag NPs–graphene oxide 
(AgNP–GO) was prepared by in situ sonication (~20 kHz) at room tem-
perature with the assistance of vitamin C [116]. Th e results showed that Ag 
NPs with an average diameter of ~15 nm were uniformly dispersed over 
the surface of GO nanosheets by in situ ultrasonication with vitamin C for 
1 min. Increasing the ultrasonication time resulted in the formation of Ag 
NPs with tunable dimensions ranging from 15 to 55 nm on the surface of 
the GO nanosheets. Th e key fi nding of this study is that the amount of sil-
ver nitrate and the ultrasonication time play key roles in controlling the 
dimensions of Ag NPs on GO. An Ostwald ripening mechanism was used 
to explain the tunable size of the as-prepared AgNP–GO composites. Sajini 
Vadukumpully et al. [117] reported the formation of highly ordered pyro-
lytic graphite by combination of high-frequency sonication and the pres-
ence of a cationic surfactant, cetyltrimethylammonium bromide, and acetic 
acid at room temperature, yielding graphene nanoflakes with a low defect 
concentration. Th e mean thickness of the obtained graphene fl akes was 
found to be 1.18 nm. Th e nanofl akes showed a turn on voltage of 7.5 V/μm 
and emission current densities of 0.15 mA/cm2 via fi eld emission measure-
ments. Th e surfactant-based methods are being investigated for large-scale 
production, but surfactant-based methods are currently limited by low con-
centrations of up to 0.05 mg/mL [118]. To improve the concentration and 
quality of surfactant-stabilized graphene dispersions, Smith et al. [119] pre-
pared dispersions of graphene in a range of surfactants. Th ey reported that 
the graphene concentration is controlled by the size of the potential bar-
rier that stabilizes the surfactant-coated fl akes against aggregation. Another 
example [120] was presented to produce graphene dispersions, which were 
stabilized in water by the surfactant sodium cholate with concentrations up 
to 0.3 mg/mL. Th e process employed sonication in a low-power sonic bath 
for 400 h followed by centrifugation to yield stable dispersions. Th e dis-
persed concentration increased with increasing sonication time, while the 
best quality dispersions were obtained for centrifugation rates between 500 
and 2000 rpm. Th e method extends the scope for the scalable liquid-phase-
assisted sonication processing of graphene for a wide range of applications.

Recently, Chabot et al. [121] demonstrated gum arabic as a green alter-
native for the exfoliation of graphite to produce graphene in water using a 
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sonication method. Th e fabricated fi lm exhibited 20 times higher electrical 
conductivity than that of rGO. Moreover, the low-power bath sonication 
processing of graphite with environmentally approved biopolymers, such 
as gum arabic, opens up a scalable avenue for the production of inexpen-
sive graphene. More recently, Hui et al. [122] reported the preparation of 
AgNPs/GO composites by in situ sonication (20 kHz ± 50 Hz) at room 
temperature and graphene oxide solutions with the assistance of vitamin 
C acting as an environmentally friendly reducing agent. In another study 
[123], they reported the lowest sheet resistance of 270 Ω/sq in an AgNPs/
rGO fi lm aft er 1 min of ultrasonication (~20 kHz), which is a 40 times 
lower resistivity than the fi lm (10.93 kΩ/sq) [116]. Th is green synthesis 
approach for AgNPs/rGO hybrids is expected to lead to the further devel-
opment of a broad new class of metal–graphene oxide composite fi lms 
with enhanced properties to some extent.

Graphite can be exfoliated in the liquid phase using diff erent chemical 
methods, such as electrochemical, chemical, and sonication-assisted tech-
niques. Even if some of these techniques have been studied intensively in 
recent years [40, 124, 125], there are few reports of a comprehensive com-
parison of the diff erent exfoliation mechanisms. In a recent study, Xia et al. 
[51] investigated the eff ects diff erent approaches such as electrochemical, 
chemical, and sonication-assisted techniques (37kHz, 220 W) on the qual-
ity of graphene by graphite exfoliation. Th e results revealed the following: 
chemical oxidation is a very eff ective but disruptive way to exfoliate graph-
ite; electrochemical oxidation allows a fast exfoliation and in-depth disrup-
tion of bulk quantities of graphite, but does yield defective graphene; and 
sonication in organic solvents produces graphene of high quality [126].

  13.4.4 Photocatalytic Reduction Method

Recent studies have shown impurities and residual reductants in rGO 
dispersions during chemical exfoliation [127]. Furthermore, the reduc-
tion of water-dispersed GO nanosheets results in a signifi cant decrease in 
their hydrophilic character, which leads to irreversible agglomeration and 
precipitation [128]. An environmentally friendly method for preparing 
rGO nanosheets based on the UV-irradiated reduction of exfoliated GO 
nanosheets was reported without the use of any photocatalyst or reduc-
ing agents because the typical chemical reducing agent, hydrazine, exhibits 
highly corrosive, explosive, and toxic properties [129]. Th e result revealed 
a sharp decrease in the absorbance peaks of oxygen functionalities aft er 
the UV reduction process. Th is is in contrast to the GO sheets reduced by 
hydrazine, which results in the formation of sp3C–N bonds due to disorder 
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on the surface of the reduced sheets. Such disorders restrained the produc-
tion of graphene sheets with high electrical conductivities [130]. Th erefore, 
achieving an environmentally friendly and eff ective low-temperature 
method for the reduction of GO is essential.
Recently, chemically exfoliated GO sheets suspended in an ammonia solu-
tion (pH ~9) were found to reduce GO to rGO under room temperature 
conditions using nanosecond pulsed laser irradiation without the aggrega-
tion of reduced sheets in the solution [131]. Th e results showed that the 
O/C ratio of the GO sheets decreased from 49% to 21% aft er 10 min laser 
irradiation, which is comparable to that obtained using the common reduc-
ing agent, hydrazine, which resulted in an O/C ratio of 15% at 80 °C aft er 
10 min. Th is is because rGO not only provides the nucleation sites but also 
prohibits the metal NPs from agglomeration [132] and photo-reduced 
phosphotungstates as well as electrons stored in rGO directly reduce the 
metal ions. Moon et al. [133] prepared a rGO suspension through the pho-
tocatalytic reduction of GO using      phosphotungstate as the homogeneous 
photocatalyst under UV irradiation and deposited Ag, Au, and Pd NPs on 
the resulting rGO. Xing et al. [134] reported a photo reduction method for 
producing 3D photo-reduced graphene hydrogels (PRGHs) through the 
self-assembly of GO suspensions under photochemical reduction. Th e D 
band to G band (I

D
/I

G
) intensity ratio is 0.82 in GO and increases to 1.36 

in PRGHs. Supercapacitors based on the PRGHs showed a high specifi c 
capacitance of 254 F/g at 1 A/g in KOH electrolyte, and 88% of its initial 
capacitance was retained aft er 4000 charge discharge cycles. In addition, the 
specifi c capacitance can still be maintained for 64% with an increase in the 
discharge current density to 4 A/g aft er the same charge and discharge laps.

13.5  Green Application of Metal/Graphene and 
Doped Graphene Composites

13.5.1 Energy Storage and Conversion Device

Metal/graphene nanocomposites are intriguing composites with the 
potential to improve the performance of fuel cells. Recently, Hui et al. [135] 
reported the facile synthesis of N-doped multilayer graphene (N-MLG) 
from milk powder using melamine as the nitrogen-doping source with Fe2+ 
ions as the catalytic growth agents. Th ey reported a new method of using 
Fe ions as the catalytic growth agent to produce MLG without the need 
for toxic reducing agents. N-MLG also showed good electrocatalytic activ-
ity toward the oxygen reduction reaction (ORR) in an alkaline medium. 
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Liao et al. [136] reported Pt/GO nanocomposite electrocatalysts by micro-
wave-polyol-water synthesis. Th e prepared Pt/GO had a maximum elec-
trochemical active surface area (85.71 m2 g–1) for a reaction time of 5 min. 
Th is highlights the potential of Pt/GO nanocomposite electrocatalysts 
with high electrocatalytic activity for use as an anode material in      electro-
chemical fuel cells. Xin et al. [4     ] prepared N-doped graphene (NG) by the 
microwave heating of the graphene in a NH

3
 atmosphere as the supporting 

materials for fuel cell catalysts. Th ey reported that the Pt/NG has better 
thermal stability than the Pt/G without doping nitrogen basing on thermo-
gravimetric analysis (TGA) and diff erential scanning calorimetry (DSC). 
Moreover, the Pt/NG catalysts exhibited a higher electrochemical     active 
surface area (80.45 m2 g−1), and     tolerance to CO poisoning than those of 
the Pt/G under fuel cell conditions. Th ey suggested that the prepared NG is 
a promising supporting material to improve the electrocatalytic activity of 
fuel cells. Alternatively, Bajpai et al. [137] reported the use of pulsed laser 
deposition to deposit Pt-NPs on chemically prepared GNS, and the lowest 
R

ct
 (2.36 Ω cm2) of the Pt/G hybrid electrodes was obtained.
Many eff orts have been made to either replace Pt with less expensive 

alternative materials or synthesize Pt/graphene composites at lower tem-
peratures for commercial energy storage. For example, the Ag nanotrian-
gle platelet-rGO pattern exhibited a low sheet resistance of 170 Ω/m with 
a transmittance of 90.2% [138]. Huang et al. [139] prepared a graphene 
composite foam with a Ni network. Th ey produced a supercapacitor device 
based on the Ni/graphene composite foam that exhibited high rate capabil-
ity of 100 Fg–1 at 0.5 A g–1 and 86.7 F g–1 at 62.5 A g–1, good cycle stability 
with capacitance retention of 95% aft er 2000 cycles, low internal resistance 
(1.68 Ω), and a gravimetric capacitance as high as 40.9 F/g. Chu et al. 
[140] reported the chemical synthesis of rGO using the aqueous extract 
of Hibiscus sabdariff a L. as a reducing agent. Th e as-synthesized rGO was 
used as an electrode in the supercapacitor, which exhibited a good specifi c 
capacitance of 133.07 F g–1, whereas the sheet resistance decreased signifi -
cantly from 0.63 MΩ/sq to 36.50 Ω/sq. Wang et al. [141] reported a simple 
method to achieve a Sn/graphene nanocomposite with a 3D architecture 
that exhibited optimal electrochemical performance. Th e result showed 
that graphene plays a dual role as a support of Sn atoms to avoid aggre-
gation and actively adsorbs lithium atoms. Th e observed storage capac-
ity of Sn/graphene nanocomposites was up to 508 mAh g–1 in the 100th 
cycle. Th akur et al. [72 ] reported the preparation of rGO using aqueous 
leaf extracts of     Colocasia esculenta and Mesua ferrea Linn and an aqueous 
peel extract of orange (Citrus sinensis) for     supercapacitor electrode mate-
rials. Th e rGO obtained as an electrode material exhibited good specifi c   
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capacitance (17–21 F g–1) and high electrical conductivity (3032.6–4006 
Sm–1). Kim et al. [142] synthesized aqueous dispersible   Pt/GNS nanohy-
brids as thin fi lms using vitamin C for the co-reduction of GO and a Pt pre-
cursor (H

2
PtCl

6
) and without any binder using the electrospray method at 

room temperature. Th e results revealed the high electrocatalytic activity of 
the nanohybrids for the I−/I

3
− redox couples in   conventional Dye-sensitized 

solar cells (DSSCs) due to the semicircle with a small radius in the low fre-
quency (Figure 13.6a). Th e lowest R

CT
 (27 Ωcm2) of the obtained GNS/Pt 

20 (Pt loading levels were 20 wt%) could be delivered (Figure 13.6b).
To further increase the electrical contact between active materials and 

the current collector, binder-free electrodes have attracted considerable 
attention because of their convenience and binder-less features in various 
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Figure 13.6 Nyquist plots of symmetrical cells. (a) Nyquist plot of entire frequency 

measured, and the equivalent circuit diagram (inserted fi gure: R
S
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 is the charge transfer resistance at the CE/electrolyte interface, W
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 is the Warburg impedance between the two CEs. (b) Amplifi ed Nyquist plot for 

the higher-frequency region. (Adapted with permission from Ref. [8]. Copyright 2013 

American Chemical Society.)
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electrochemical applications, such as lithium ion batteries and supercapaci-
tors [143–145]. Recently, the one-step preparation of 3D graphene aerogel 
(GA) on a small piece of porous nickel foam (NF) was reported, which 
showed potential applications as a binder-free electrode for supercapaci-
tors [146]  . Tsang et al. [147] reported a simple and green method to pre-
pare binder-free Pd/GA/NF electrodes with diff erent Pd loadings for alcohol 
electro-oxidation. Th e Pd/GA/NF electrodes were formed through the self-
assembly aggregation of Pd/GA on NF during the reduction of GO and Pd 
ions via a non-toxic reducing agent, vitamin C at 40 °C. Th e results showed 
that the catalytic performance of the electrodes increased with increasing Pd 
loading (Figure 13.7a–f). Cyclic voltammetry (CV) analysis showed that the 
7.65 wt% Pd/GA/NF electrode had a maximum peak current density of 798.8 
A /g [forward to backward peak current density ratio (I

f
/I

b
) of 3.11] and 874 

A/g (I
f
/I

b 
of 2.72) in methanol and ethanol electro-oxidation, respectively 

(Figure 13.7g and h). Th e proposed electrode preparation method showed 
great potential for the preparation of various binder-free catalytic electrodes, 
which would be benefi cial to the development of fuel cell applications.

13.5.2 Electrochemical Sensors

Graphene off ers a range of unique, versatile, and tunable properties that can 
be used creatively for electrochemical sensors. For example, the ambipolar-
ity in graphene means that the adsorption of either electron withdrawing 

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 13.7 Scanning Electron Microscopy (SEM) images (scale bar: 5 mm) of (a) 0.8 

wt% Pd/GA/NF, (b) 2.17 wt% Pd/GA/NF, (c) 7.65 wt% Pd/GA/NF, and Transmission 

Electron Microscopy (TEM) images of (d) 0.8 wt% Pd/GA/NF (scale bar: 100 nm), (e) 

2.17 wt% Pd/GA/NF (scale bar: 200nm), (f) 7.65 wt%. Pd/GA/NF (scale bar: 200 nm), CV 

of 7.65 wt% Pd/GA/NF in (g) 1 M MeOH/1 M KOH solution (–0.845 to +0.355 V), and 

(h) 1 M EtOH/1 M KOH solution (–0.845 to +0.955 V) over 1000 scans. (Ada    pted with 

permission from Ref. [9]. Copyright 2014 Royal Society of Chemistry.)
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or donating groups can lead to “chemical gating” of the material, which can 
be monitored easily in a resistive-type sensor setup [148]. Combining the 
high surface area with the specifi c electronic nature means that any molec-
ular disruption on the graphene can be detected easily [149]. Th erefore, 
graphene-oriented sensors can be expected to be highly sensitive for a wide 
range of fi elds. Recently, Gautam et al. [150] reported the NH

3
 sensing 

behavior of the graphene surface decorated with gold (Au) NPs. Th e acti-
vation energy and heat of adsorption were estimated to be approximately 
38 and 41 meV, respectively, at a NH

3
 gas concentration of 58 ppm at room 

temperature. Th e dependence of the adsorption energies on the concentra-
tion of the target gas suggested inhomogeneous adsorption sites on the 
graphene surface. In a similar study, Ullah et al. [151] reported the synthe-
sis Pt/graphene via a one-pot microwave-assisted method in an ethylene 
glycol solution within a short time (300 s). Th e visible-light photocatalytic 
activities of the Pt/graphene nanocomposites were tested b  y rhodamine B 
(RhB) and methylene blue (MB) as the model contaminants. Under visi-
ble-light irradiatio  n, phot    o-generate  d active species (metal particle) [152] 
promoted the photo-catalytic degradation toward MB(RhB) molecules 
because of th  e extensive π-conjugation between the MB(RhB) molecule 
and the graphene domains. Th e nanocomposites obtained were found to 
be promising electrochemical sensors. GNS-Au nanocomposite was pre-
pared in an aqueous medium assisted by microwave irradiation [144]   . Th e 
results showed that the GNS–Au nanocomposite at the electrode surface 
could effi  ciently accelerat    e electron transfer and enhance the correspond-
ing electrochemical performance due to Au NPs coated on the surface of 
the GNS, which disturbs the van der Waals interactions and prevents GNS 
from forming aggregates approaching each other. A green and facile strat-
egy was developed to prepare metal/graphene hydrogel composites using 
a substrate-enhanced electroless deposition method [153]. Th     e sensitivity 
of the hydrogel composite-modifi ed glassy carbon electrode toward uric 
acid was 10.07 μA μM–1 cm–2, which is higher than that of modifi ed glassy 
carbon electrode toward glucose   (2.47 μA μM–1 cm–2) [154].

13.5.3 Wastewater Treatment

Pristine research achievements have been reviewed on the application of 
graphene-based metallic composites in environmental protection and detec-
tion. Graphene is a hydrophobic material that has less effi  cient contact with 
water molecules, resulting in the poor absorption of heavy ions in waste-
water treatment. [155]. Kyzas et al. [156] reported that modifi ed graphene 
exhibiting hydrophilic properties can adsorb heavy metal ions through this 
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mechanism. As graphene oxide with a high surface area has a mass o     f oxy-
gen-containing groups on the surface, complexation reactions are caused by 
the combination of these oxygen-containing groups with heavy metals. Th e 
photodegradation of pollutants present in water is typically accomplished 
using UV-activated photo catalysts, mostly noble metals [157]  . Th e mecha-
nism of UV photodegradation is that electrons in the photocatalyst can be 
excited by UV radiation from the valence band to the conduction band to 
generate photo-generated electrons and holes in the valence band. Th ese 
photo-generated electrons and holes diff use to the surface of the catalyst 
and react with the diff eren   t contaminants on the surface, resulting in the 
degradation of the contaminants [158]. Th e solubility and stability of the 
rGO suspension are a signifi cant problem that needs to be solved because 
rGO easily precipitates from the suspensions [159]. Guo et al. [160] pre-
pared Au (Ag) NP–rGO hybrids using chitosan as the reducing and stabiliz-
ing agent. Th e analysis showed that chitosan macromolecules can effi  ciently 
reduce GO at comparatively low temperatures and their adsorption onto the 
rGO nanosheets allowed the formation of a stable rGO aqueous dispersion. 
Th e stable RGO hybrids have potential applications for environmental pro-
tection. Th e photothermal degradation of RhB could in principle be pos-
sible with other sp2-based carbon materials because the absorption of UV 
photons in the 280–450 nm wavelength range only requires the presence of 
C=C bonds in electronically conjugated structures [161]. Guardia et al. [162] 
reported the decomposition of RhB in the presence of only graphene oxide 
using intense UV irradiation through the photo-induced heating of the sus-
pended graphene oxide sheets. Th e degradation rate of RhB involved the 
following process: (1) deoxygenation of the sheets in the absence of the pho-
tocatalysts, (2) selective nucleation and growth of metal NPs on the sheets 
to yield graphene-based hybrids, and (3) decomposition of the dye mole-
cule RhB in the presence of only graphene oxide. Moreover, the graphene 
sheets in the hybrid materia    l played a role as a catalyst but not as a reactant. 
Similarly, the adsorption of synthetic organic compounds by pristine GNS 
and GO was examined [163], and compared with carbon nanotubes in the 
presence of natural organic matters (dyes, phenanthrene, and biphenyl). Th e 
graphene produced exhibited comparable or better adsorption capacities 
than carbon nanotubes, which was attributed to a much less compact bundle 
structure. Th e results further indicated that graphene can serve as alternative 
adsorbents for the removal of organic compounds from water.

13.5.4 Bioelectronics

Recently, the emergin g bioelectronics focus on exploiting biological mate-
rials in conjunction with and micro- and nano-electronics in an extensive 



Review of the Green Synthesis 453

fi eld encompassing, such as biological fuel cells, bionics, and biomaterials 
for information processing and storage. For example, there have been sig-
nifi cant eff orts to utilize graphene/metal composite materials for the devel-
opment of biological energy storage and bioelectrocatalyst owing to the 
excellent sensitivity and catalytic activity of the nanomaterials and hydro-
phobic nature of graphene. By combining these two excellent and unique 
modalities, graphene/metal NP hybrids have demonstrated a number of 
bioelectronics applications.

Recently , growing Pt- or Pd-based NP catalysts directly on the graphene 
surface maximizes the contact between graphene and NP, resulting in high 
catalytic activity [164]. However, more eff orts are needed to control the 
size, shape, and morphology of the NPs such that their catalytic poten-
tials can fully be optimized. So far, the assembly o   f monodispersed NPs on 
the graphene surface has been demonstrated to optimize the catalytic per-
formance of the graphene/metal composite. For example, Qiu et al. [165] 
reported that the monodispersed Pt NPs with ultra-fi ne particle size (~3 
nm) are synthesized using ferritin protein nanocages as the template and 
subsequently self-assembled on the 3D graphene, resulting in a stable 3D 
graphene/Pt NP composite. Th e composite exhibited enhanced electrocata-
lytic activity (~2.5 mA cm−2) for methanol oxidation as compared with both 
Pt/rGO (~1.6 mA cm−2) and state-of-the-art Pt/C (~1.2 mA cm−2) catalyst. 
Beside, Kim et al. [166] reported the charge transport behavior of protein-
shelled Pt NPs combined with graphene for bionano-hybrid capacitor. In 
addition, fi eld-eff ect transistor based on graphe  ne/PepA-Pt NPs (PepA, a 
dodecameric bacterial aminopeptidase from Streptococcus pneumonia) has 
showed the modulation ability by varying the size and concentration of 
the Pt NPs encapsulated by t he PepA, resulting in higher electron mobility 
than other well-known fi eld-eff ect transistor devices [167, 168].

Since electrocatalytic activity and stability of metal NPs are strongly 
dependent on the exposed facets [169], Chen et al. [170] has demon-
strated a high-sensitivity non-enzymatic H

2
O

2
 biosensor based on th  e in 

situ growth of surfactant-free     Au(111)-like gold NPs (AuNPs) on nitro-
gen-doped graphene (NG) quantum dots (AuNPs−N-GQDs)     . Th e Au 
NPs−N-GQDs exhibited high sensitivity and selectivity for electrochemi-
cal detection of H

2
O

2
 with a low detection limit of 0.12 μM and sensitivity 

of 186.22 μA/μM cm2.
Currently, organic and surfactant-assisted synthetic routes have been 

developed to enhance homogeneity and well-crystallized structure of 
metal particles [171]. For example, polypyrrole has been extensively stud-
ied owing to its high energy storage capacity, good electrical conductivity, 
good redox reversibility, and environmental stability [172]. Signifi cantly, 
the presence of amine group (–NH–) on the pyrrole ring will contribute to 
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the enhancement of biomolecular sensing [173]. She     n et al. [172] reported 
the fabricated Au NPs decorated polypyrrole/rGO hybrid sheets electrode 
exhibit a remarkable sensitivity of 16.40 μA/μM in response t   o dopa-
mine with a linear range of 0   .1–5000 nM and limit of detection as low 
as 18.29 pM. Chen et al. [174] reported an innovative method to fabri-
cate Poly(diallyldimethylammonium chloride) (PDDA)-capped gold NPs 
(AuNPs)-functionalized graphene (G)/multiwalled carbon nanotubes 
(MWCNTs) nanocomposites by an innovation meth    od (Figure 13.8a). 
Specifi cally, the positively charged AuNPs can be absorbed onto the nega-
tively charg   ed G/MWCNTs hybrid electrode through electrostatic attrac-
tion, which was further decoded with glucose enzyme such as glucose 
oxidase. As shown in Figure 13.8(b) and (c), biosensor based on glucose 
oxidase anchored on AuNPs/G/MWCNTs electrode demonstrated a sat-
isfactory analytical performance with high sensitivity (29.72 AM–1 cm–2) 
and low limit of detection (4.8 M), indicating that the graphene–nano-
tu     be–NP composite hierarchical structure could be a promising architec-
ture for immobilizing biomolecules for biosensor applications.
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Figure 13.8 (a)    Schematic illustration of construction of GOD/AuNPs/G/MWCNTs 

composites. (b) SEM image of AuNPs/G/MWCNTs. (c) Magnifi ed SEM image of (b) 

marked in red box. (Adapted with permission from Ref. [10]. Copyright 2014 Elsevier.)
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Compare with monometallic systems, bimetallic systems Pt M (M=Ru, 
Pd, Au, Ni, Pb, etc.) have a much higher intriguing catalytic behaviors, due 
to their rapid response, good stability, and high catalytic effi  ciency toward 
the targeted species by the electron coupling and ligand eff ects between 
the diff erent components [175]. Zhao et al. [176] synthesized hollow AuPd 
(hAuPd) alloy NPs prepared through simultaneous reduction of HAuCl

4
 

and Na
2
PdCl

4
 using Co NPs as sacrifi cial template, and subsequently 

assembled on NG to prepare an NG−hAuPd hybrid film. Th e NG−hAuPd 
hybrid film showed a linear response to H

2
O

2
 in the range of 0.1−20 μM, 

with a sensitivity of 5095.5 μA M−1 cm−2 and a comparable detection limit 
of 0.02 μM (S/N=3). Guo et al. [171] developed highly dispersed bimetallic 
PtPd alloy NPs anchored on reduced rGO with the assistance of ionic liq-
uid (IL: [VEIM]BF4). Th e PtPd–IL–RGO-modified electrode can directly 
catalyze glucose oxidation and exhibited an enhanced current response 
within 3 s. Th e proposed electrode showed an excellent anti-interference 
to electroactive molecules and     Cl– with a good linear range from 0.1 to 
22  M at 0 V, long-term stability of at least 92.95% of the initial value was 
retained in the continuous tests aft er 1 month. Furthermore, NG sheet 
anchored with PtCo alloy NPs was demonstrated as a 3D bi-continuous 
spongy structures biosensor to capture antibody for detection of zearale-
none [177]. Th e biosensor exhibited a highly sensitive response to zearale-
none with a detection limit of 2.1 pg mL−1. Th e greatly amplifi ed properties 
were attributed to its abundant porous structures and bimetallic systems, 
which not only favors the linkage of antibody but also has admirable cata-
lytic activity and super electron transfer properties. In addition, it is well 
known that clenbuterol (CLB), salbutamol (SAL), and ractopamine (RAC) 
are a family of β-adrenergic agonists with similar chemical structures and 
groups, originally used in the therapeutic treatment of asthma and pre-
term labor in humans [178]. Hence, a facile strategy was needed to achieve 
simultaneous detection of RAC, SAL, and CLB without cross talk between 
adjacent electrodes. Wei et al. [179] developed a multiplexed electrochemi-
cal biosensor for fast and sensitive detection of RAC, SAL, and CLB based 
on rGO and silver–palladium alloy NPs (AgPd NPs) without any other 
substrates. Th e designed strategy can simultaneously detect RAC, SAL, 
and CLB ranging from 0.01 to 100 ng mL−1 with detection limits of 1.52, 
1.44, and 1.38 pg    mL−1, respectively. Th ese strategies eliminate the possible 
negative eff ects of enzyme and mediator, reduce the cost, realize the simul-
taneous detection of three kinds of β-adrenergic agonists, and also ensure 
high sensitivity. Many works have revealed that the graphene/MWCNTs 
composite fi lms can be used to develop novel types of highly sensitive and 
stable electrochemical sensors due to the distribution of graphene sheets 
in the MWCNTs bundles as well as the interfacial bonding between them 
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[180]. A hydrogen microexplosion method (Figure 13.9a) was adopted to 
prepare platinum NPs/nitrogen-doped graphene nanoscrolls (Pt/N-GSS) 
nanocomposites (Fi  gure 13.9b and c)   by Zhang et al. [181]. Th e composites 
exhibited an excellent electrocatalytic activity toward the oxidation of H

2
O

2 

with the sensitivity of 25.26 A M−1 and good linear response from 2 to 
16.57 M. Moreover, the resulting glucose amperometric biosensor toward 
glucose oxidase not only presents a wide linear range (10–12.55  M) with 
a high sensitivity (6.36 A M−1), but also possesses low detection limit of 
1 M and long-term stability for detection.

13.6 Conclusion and Future Perspective

Previous studies of the most recent progress in synthesis, modifi cation, 
and the performance of graphene were reviewed comprehensively. Green 
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Figure 13.9 Schematic illustration for the fabrication of GOD/Pt/N-GSS. (b) SEM images 

of Pt/N-GSS. (c) TEM images of Pt/N-GSS, the inset image of (c) shows the magnifi ed 

TEM of Pt/NGSS. (Adapted with permission from Ref. [11]. Copyright 2015 Elsevi  er.)
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reduction has almost emerged as a separate branch in the synthesis of 
nanomaterials in terms of the urgent need for energy saving and environ-
ment. To identify a green alternative to the use of hazardous chemicals 
in the production of graphene, many of these reported approaches off er 
advantages, such as security, effi  ciency, versatility, and cost eff ectiveness of 
the material in diff erent reagents, or easy scalability to the industrial level. 
Th ese advances can eventually facilitate the use of graphene and metal/
graphene materials in a number of commercial applications.

Th e chapter mainly discussed the diff erent environmentally friendly 
routes that have been developed, mostly within the last year, toward the 
preparation of graphene from graphite oxide. Practical applications have 
been considered, including the use of composite materials as electrode 
materials for devices involved in electrochemical energy storage and con-
version, as the electrode materials for electrochemical sensors, as absorb-
ers for both gases and liquids, and as electrocatalyst and reducing agent for 
bioelectronics. On the other hand, apart from use of less toxic chemicals, 
other notable features of green technology are that most of these processes 
operate under mild conditions such as room temperature, visible light, and 
atmospheric pressure, making them aff ordable, environmental, and cost 
eff ective. In the near future, it will be exciting to see these promising inte-
gral green technologies in many technological applications of graphene 
and graphene composites.
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Abstract
Th e ion exchangers represent an important tool for the development of controlled 

or sustained release systems because of their excellent properties. Th e area of phar-

maceutical applications of the ion exchangers is very large and includes: the isola-

tion of chemicals, the masking of the unpleasant taste of a drug, the improvement 

of the dissolution of poorly soluble drugs, the improvement of the drugs stability, 

the delivery of anticancer drugs and chemosensitizers to multidrug resistant cells 
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lar applications, the treatment of liver diseases, renal insuffi  ciency, urolithic and 

skin diseases, as adsorbents of toxins, bile acid sequestrants or osmotic pump tab-

lets. Th is chapter describes diff erent strategies that have been developed in order 

to obtain the new advanced materials based on the ion exchangers as well as their 

medical applications where the materials have been used for the treatment of sev-

eral diseases.

Keywords: Ion exchange resins, adsorbent, taste masking, controlled drug deliv-

ery, resinates, transdermal applications

*Corresponding authors: vasisilv@yahoo.com and msilvia@icmpp.ro



468 Advanced Bioelectronic Materials

14.1 Introduction

Th e evolution and the amazing development in the fi eld of polymer sci-
ence and engineering have a great impact on the discovery and creation 
of new advanced materials that could be used in medical and phar-
maceutical fi elds for the elaboration of modern therapeutic strategies. 
Because of their excellent properties such as, physico-chemical stabil-
ity, inert nature, uniform size, spherical shape, presence of functional 
groups, high capacity of drug loading and prevention of dose  dumping, 
the ion exchangers  represent a huge opportunity to improve the old 
pharmaceutical forms or to develop new controlled or sustained release 
systems.

From the chemical point of view, an ion exchanger (IE
r
) or ion exchange 

resin (IER) is defi ned as an insoluble matrix or crosslinked polymer net-
work to which an ion is electrostatically bound [1]. Th erefore these mate-
rials are insoluble polyelectrolytes with high molecular weights that can 
exchange their mobile ions with the surrounding medium (Figure 14.1).

IERs are used in reversible ion exchange process that involves two 
phases, an insoluble phase (IER) and an aqueous solution phase. When 
both phases are in contact an exchange can occur, the extend to which 
depends on the concentration of the ions in solution phase as well as their 
affi  nity for the insoluble phase [2].

Ion exchange resins are useful due to their insolubility in liquid phase 
that allows them to be separated by fi ltration. Aft er fi ltration they could 
be regenerated by an ionic process that leads to their original ionic form. 
Th erefore, they are used in continuous process involving columns and 
chromatographic separations [3].

Figure 14.1 Schematic representation of a cation exchange resin (a) and an anion 

exchange resin (b)

(a) (b)
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IERs have many applications in diff erent and various fi elds such as, 
water soft ening, removal of organic and inorganic pollutants from water, 
hydrometalurgy, biomolecular separations, biotechnology, catalysis, medi-
cine and pharmacy [4-8].

14.1.1 Classifi cation of IER

Th e various ion exchange resins can be classifi ed as shown in Table 14.1 
on the basis of nature of structural and functional components and ion 
exchange process.

Synthetic IER have been synthesized by two diff erent methods namely 
polymerization and polycondensation and their classifi cation is presented 
in Table 14.2.

A typical cation-exchange resin is prepared by the copolymerization 
of styrene and divinylbenzene. During the polymerization, polystyrene 
formed as linear chains become covalently bonded to each other by divi-
nylbenzene crosslinks. If sulphuric acid is then allowed to react with this 
copolymer, sulfonic acid groups are introduced into most of the benzene 
rings of the styrene-divinylbenzene polymer, and the fi nal substance 
formed is known as cation-exchange resin. A typical anion exchange resin 
is prepared initialy by a chloromethylation reaction of the benzene rings 
of the three dimensional styrene-divinylbenzene copolymers to attach – 
CH

2
Cl groups and then causing these to react with a tertiary amine, such 

as trimethylamine. Th is gives the chloride salt of strong-base exchanges.

Table 14.1 Classifi cation of ion exchange resins

IER 1) Cation 

exchange 

resin

a) Inorganic - Natural (e.g. clays)

- Synthetic (e.g. zeolites)

b) Organic - Natural (e.g. lignite)

- Semi synthetics (e.g. Sephadex Ion 

Exchangers)

- Synthetic (e.G. Acrylic exchangers)

2) Anion 

Exchangers

a) Inorganic - Natural (e.g. Dolomite)

- Synthetic (e.g. Silicates)

b) Organic - Natural (e.g. Soil humus)

- Semi synthetic (e.g. Sephadex Ion 

Exchangers)

- Synthetic (e.g. IRA 410)
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14.2  Characteristics of IER and Methods of 
Characterization

Th e characteristics of IER and some methods of characterization are pre-
sented in Figure 14.2.

14.2.1 Crosslinking Degree

Degree of crosslinking defi ned as the density of crosslinks between poly-
meric chains has a major infl uence on the structure of the matrix, elasticity, 
swelling ability as well as the mobility of the counterions inside the matrix 
of ion exchanger [9]. Th e materials characterized by a high crosslinking 
degree are harder and, in many cases, more stable. However, the diff usion 
in such materials is slow causing the reduction of the rate of all processes. 
Low crosslinked materials can be even jelly-like. Th eir stability could be 
low in benefi t of fast kinetics of interactions. Conventionally, the cross-
linking degree is expressed as percentage of the crosslinking reagent intro-
duced in a reaction mixture at the synthesis stage.

For practical purposes the range of crosslinking degree is from 4% 
to 16%. IER with very low crosslinking degree tend to swell and change 
dimensions markedly.

Th e distribution of the polymeric chains, crosslinks, and functional 
groups in the bulk of ion exchange resin is random but it is suffi  ciently 
even to consider the material as homogeneous.

Table 14.2 Classifi cation of synthetic IER

Type Name Ionic Group Commercial Resins

Anion Exchangers Strong base > N+<; > S+-; > P+ < Amberlite IRA 400;

Duolite AP 143

Weak base -NH
2
; > NH; > N - Amberlite IR 48

Intermediate > N+< and -NH
2

Dowex 2

Cation Exchangers Strong acid -SO
3
H Amberlite IR 120;

Dowex 30

Weak acid -COOH; -C
6
H

4
OH Amberlite IRC 50

Intermediate -P(O)(OH)
2
; -O-P(O)(OH);

-P(O)H(OH)

Dowex 50WX8

Amphoteric Exchangers - acid and base groups Amberlite XAD-2
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14.2.2 Moisture Content and Swelling Degree

Moisture content represents a physical property of the ion exchange res-
ins that is directly proportional to the number of hydrophilic functional 
groups attached to the polymer matrix and inversely proportional to the 
degree of crosslinking degree. Also, the high moisture can cause a rapid 
exchange, low total capacity and good absorption capacity, while the low 
moisture can lead to higher total capacity, diffi  culty in resin regeneration, 
tendency to fouling and diffi  culty in removing of large ions. Th e moisture 
content can be determined by Karl Fisher titrimetry [10].

Water swelling of an ion exchanger is primarily a hydration of the 
fi xed ionic groups and increases with an increase in capacity to the lim-
its imposed by the polymer network. In order to determine the swelling 
degree two methods can be used: the gravimetric and the volumetric 
methods. Generally, the main factors which can aff ect the swelling of ion 
exchange resins are: (a) the nature of the polymer network and the solvent; 
(b) the types of the functional groups and the counterion, respectively; (c) 
the crosslinking degree; (d) the exchange capacity; (e) the macrostructure 
of the IER and (f) the composition, pH and temperature of the external 

solution [11]. Th e resin volumes change with the conversion to ionic forms 

Figure 14.2 Characteristics of IER and methods of characterization
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of diff erent degrees of hydration; thus, for a cation exchanger, there is a vol-
ume change with the monovalent ion species, Li+ > Na+ > K+ > Cs+ > Ag+.

With polyvalent ions, hydration is reduced by the crosslinking action; 
therefore, Na+ > Ca2+ > Al3+. In more concentrated solutions, less water is 
taken up owing to greater osmotic pressure.

14.2.3 Particle Size and Particle Size Distribution

Usually the IERs are prepared as spherical beads with diameter in the 
range of 0.5 mm to 1.0 mm. A series of ion exchange resins were prepared 
from polystyrene micropowders with a particle size of 0.5 μm to 1.5 μm. 
Th e results of their applications as materials incorporated into paper for 
removal of organic pollutants have revealed that ultrafi ne particles could 
limit the rates of the reaction [12]. It is known from literature, that the ion 
exchange rate is inversely proportional to the particle size of ion exchang-
ers [13]. Th e particle size and the particle size distribution can be deter-
mined by microscopy, Coulter Counter and other techniques [14, 15].

14.2.4 Porosity

Porosity of IER is an important factor in ion exchange technology that 
depends on the crosslinking degree and represents a measure of limiting 
size of ions which can penetrate into a IER matrix.

Porosity can be classifi ed as porosity in a swellen state and macroporos-
ity. Th ese types of porosity have been formed by the modifi cation of the 
monomer phase used in the polymerization step by including a porogen 
– a compound in which the monomer was soluble and the polymer as it 
formed was soluble too (porosity in swelling state) or insoluble (macropo-
rosity). Th e insolubility of the polymer resulted in a change of bead mor-
phology so that it became permanently porous [16].

Th e advantages of macroporosity has been observed when the macro-
porous resins greatly outperform the conventional resins.

An important feature of the macroporous materials is the relative con-
stancy of their shape. Macropores do not collapse when these materials 
lose water that is in contrary to pores of the gels which appear only in the 
swollen state (even their size is defi ned by the swelling degree).

Macroporous resins are highly advantageous if the performance of the 
process is limited by a slow diff usion of exchanged ions in the gel phase of 
the material. Th e diff usion is much faster when it takes place in the liquid 
phase fi lling the macropores (the solution in macropores is the same or, 
at least, similar to the solution surrounding the exchanger). Besides the 
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facilitation of the diff usion rates, the open-pore structure allows diff usion 
of large molecules. Th e exchange takes place on the surface of macropores 
or in close proximity to the surface, thus the molecules do not enter the 
dense gel regions. In addition to the faster process rates, macroporous ion 
exchange polymers exhibit better chemical stability, especially resistance to 
oxidation [17]. Th e porosity of IER can be determined by mercury poro-
simetry [18] or by the pycnometric methods [19].

Using the values of skeletal (r) and apparent (r
ap

) densities determined 
by the pycnometric methods with n-heptane and mercury, respectively 
[20], two important characteristics of the macroporous ion exchangers can 
be calculate as follows:

1. Pore volume (PV) [21]:

 

1 1

ap

PV

 

(mL/g) (14.1)

where ρ
ap

 is the apparent density (g/mL) and ρ is the skeletal density (g/mL).

2. Porosity (%P) [22]:

 

% 100 1
ap

P = × −  (14.2)

Also, the scanning electron microscopy and atomic force microscopy 
(AFM) studies reveal important information about the internal and the 
surface pore structure.

14.2.5 Ion Exchange Capacity

Th e ion exchange capacity is the most important charateristic of IER and 
represents the total number of functional groups bearing ions per unit 
weight or unit volume of resin.

When the resins is highly crosslinked, the addition of the functio-
nal groups become more diffi  cult and therefore the resin has a low ion 
exchange capacity value. In general terms, the capacity of an ion exchange 
resin can be expressed as the quantity of ions that can be taken up by a 
specifi c volume of the resin. Th is would be expressed in quantity per unit 
volume, such as milliequivalents per millilitr (meq/mL), which also equals 
equivalents per liter (eq/L).

Technically, resin capacity is a measurement of total capacity, as deter-
mined by a test performed in the lab by a titration methodology [23]. A 
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measured quantity of cation resin, for example, is fully converted to the 
hydrogen (H) form with an excess of strong acid and then well rinsed. A 
measured quantity of caustic soda (NaOH) is then passed through the resin 
in order to totally exhaust the resin. Th e effl  uent is captured. Th e NaOH 
that passed through the column represents the sodium (Na) ions that were 
not captured by the resin. Th is solution is then titrated with acid to neutral-
ize it, and the amount of acid required is expressed in equivalents. Th e dif-
ference between the total equivalents of NaOH passed through the column 
and the NaOH exiting in the column represents the total equivalents of Na 
captured by the resin. Th us, the capacity of the resin is then determined.

Similarly, the anion resin would be fully regenerated with NaOH and 
exhausted with acid to make the capacity measurement. Th e total capac-
ity can be expressed as meq/mL (volumetric) or meq/g (based on weight). 
Generally speaking, when we refer to the capacity of resin, we are referring 
to operating capacity that must specify the exact feed-water challenge and 
fl ow-rates as well as the endpoint. Th e operating capacity is a measure of 
the useful performance obtained with the ion exchange material when it is 
operating in a column under a prescribed set of conditions. It is dependent 
on a number of factors including the inherent (total) capacity of the resin, 
the level of regeneration, the composition of solution treated, the fl ow rates 
through the column, temperature and particle size and distribution.

14.2.6 Functional Groups

Th e main diff erence between polymeric ion exchangers  and non-func-
tional polymers is the presence of functional groups or functional sites in 
the structure, i.e. the presence of functional units is the main feature of the 
materials discussed. Th ere is a wide diversity of functional groups that have 
been attached to polymeric networks to obtain ion exchange properties. 
Diff erent examples are given in Table 14.2.

Chemical properties of functional groups defi ne the type of a particu-
lar ion exchange material. Th e cation and anion exchangers are the two 
types bearing respectively the negatively and positively charged groups 
and, hence, being able to exchange cations or anions. Due to diff erent dis-
sociation properties of groups, strong and weak exchangers are recognized 
similar to that of strong and weak electrolytes. Th e most common cation 
exchangers are strongly acidic resins with sulfonic acid groups (−SO

3
H) 

and weakly acid resins with carboxylic acid groups (–COOH). Diff erent 
ion exchangers bearing the same groups can exhibit signifi cantly diff erent 
properties because the strengths of the groups depend on the nature of the 
supporting hydrocarbon structure. Most of the functional groups of anion 
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exchangers contain nitrogen as a proton-accepting atom. Similar to low 
molecular weight amines, weak-base (−NH

3
+, >NH

2
+) and strong-base (for 

example, > N+< or −N+(CH
3
)

3
) anion exchangers are recognized.

14.2.7 Selectivity of the IER

Ion exchange reactions are reversible. By contacting an ion exchange resin 
with an excess of electrolyte (B+), the resin can be converted entirely to the 
desired salt form according to the following reaction:

 R-A+ + B+ ↔ R-B+ + A+

For the ion exchange to be effi  cient there must be a diff erence in affi  nity 
between the ion in the resin and the ion or ions from solution. Th e resin 
must have a higher affi  nity for the ion in solution compared to the ion in 
the resin [11]. Th e ion exchange technology is a perfect tool to remove or 
exchange contaminants present in low concentrations. In such a case the 
running time until the resin column is exhausted can be very long, ranging 
from a few hours to several months. When however the concentration of 
contaminants is high, the ion exchange cycles become exceedingly short 
and the quantity of regenerants increases to uneconomical levels. Based on 
the diff erences of affi  nity for diff erent ions, common ion exchange resins 
can be used to remove selectively ions from water. One of the most obvious 
examples is soft ening. Th is works because the anion resin has more affi  nity 
for the nitrate or sulphate ion than for the chloride ion, the order of affi  n-
ity being: SO

4
2- > NO

3
- > Cl- > HCO

3
- > OH- > F-. For cation resins used in 

soft eners, the affi  nity is Pb2+ > Ca2+ > Mg2+ > Na+ > H+.

14.2.8 Stability

Th e stability of ion exchangers  can be infl uenced by a various forms of 
stress, such as physical, osmotic and thermal stress or organic fouling. 
Strong oxidizing agents, such as nitric or chromic acid, rapidly degrade 
ion exchange resins. Slower degradation with oxygen and chlorine may 
be induced catalytically. For this reason, certain metal ions, for example, 
iron, manganese and copper, should be minimized in an oxidizing solu-
tion. Highly crosslinked cation resins have an extended useful life because 
of the great number of sites that must be attacked before swelling reduces 
the useful volume capacity and produces unacceptable physical proper-
ties, for example, crush strength reduction and pressure drop increase. 
With anion exchangers, attack fi rst occurs on the more susceptible func-
tional groups, leading to the loss of total capacity and/or conversion 
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of strong base to weak base capacity. Th e limits of thermal stability are 
imposed by the strength of the carbon-nitrogen bond in the case of anion 
resins [24]. Th is strength is sensitive to pH and low pH enhances stability. 
A temperature limitation of 60 °C is recommended for hydroxide cycle 
operations. Th e cation resin stability also is dependent on pH: the stabil-
ity to hydrolysis of the carbon-sulfur bond diminishes with a lowering of 
the pH. Th ey are much more stable than anions and can be operated up 
to 150 °C.

14.2.9 Toxicity

For medical and pharmaceutical applications, the purifi cation of the resin 
is necessary in order to remove the impurities that can cause severe toxicity. 
However, purifi ed resins are nontoxic, but administrated in large quanti-
ties can cause harmful side eff ects and may seriously disturb the electrolyte 
balance in the gastrointestinal tract.

14.3 Resinate Preparation

Since 1920, when Folin and Withehorn [25, 26] used the ion exchange 
principle to solve some problems in the drug industry, the research has 
been directed towards fi nding the new materials based on ion exchangers  
to respond to the permanent requirements of the medical world. For the 
fi rst time, Saunders and Chaudhary [27] have used the ion exchange resins 
as polymeric support in the manufacture of the sustained release system 
of charged drugs. Th e suitable selection of drugs and IER for resinate for-
mulation should take into account many factors, which are presented in 
Table 14.3 [13, 28].

For example, if a rapid dissolution of drug in the gastrointestinal tract 
is necessary the IER must have the following requirements: weak cat-
ion or anion exchangers with low crosslinking degree, small particle size 
and high drug loading capacity, while for slow or sustained release and 
taste masking  can be used strong cation and anion exchangers with high 
crosslinking degree, large particles size and lower drug loading capacity. 
Generally, resinates  are obtained by mixing the resin with a drug solu-
tion for a few hours. Th en, the esinate is separated by fi ltration and can 
be stored in dry form as free fl owing powder or in liquid suspension 
according to later usage. In literature two main methods are known for 
loading the drug into ion exchange resin, such as: batch and column 
methods [29].
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In the batch method the drug solution is mixed with a known quantity 
of resin particles until the equilibrium is established, while in the column 
method the concentrated drug solution is passed through a fi xed bed of 
resin. Also, the drug can be loaded onto resins by an ion exchange reaction, 
resulting in the formation of drug-resin complexes, better known as resin-
ates . Th e amount of the drug loaded onto IER can be infl uenced by various 
factors such as: (a) concentration of drug solution; (b) selectivity of the ionic 
groups of resins for the drug; (c) type of solvent used; (d) molecular size of 
the drug; (e) resin: drug ratio; (f) contact and mixing time [30] Th e utility of 
ion exchange systems as carriers in the medical applications has some advan-
tages, especially for drugs which can undergo an enzymatic degradation.

14.4 Pharmaceutical and Medical Applications

A major problem in medicine is represented by the increase of treatment 
effi  ciency as well as by the elimination of drug side eff ects, determined 
either by overdose, either by their aggressiveness sometimes not only 
against the cancerous cells, but also against healthy ones. In general, the 
purpose of drugs use consists in:

• prevention of illness through vaccinations;
• improvement of symptoms;
• cure of diseases with local action by application of solu-

tions or unguents or diseases with general action through 
antibiotics.

Table 14.3 Characteristics of drug and IER necessary to obtain resinate 

formulations

Characteristics of drugs Factors aff ecting IER performance 

Drug should be anionic, cationic or 

amphoteric

Crosslinking degree

Th e half –life of drugs must be 2-6 h Particle size and size of exchanging 

ion

Should be stable in gastric juice Swelling ratio

High bioavailability throughout the 

gastrointestinal tract

pH and temperature

pKa Selectivity of counterion

Stability and toxicity
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Th e administration is mainly determined by the drug properties and 
therapeutic purposes. Th e drug administration can be achieved in two 
ways:

• natural ways which consist of a drug being absorbed through 
mucous (oral, conjunctival, nasal, rectal, auricular, vaginal) 
and through skin;

• artifi cial ways, known also as parenteral administrations 
(intramuscular, intravenous, subcutaneous).

Drugs administration under free form, no matter of its category: oral, 
parenteral or unguents has as eff ect the continuous change of drug con-
centrations in human body or at the aff ected area. Shortly aft er the admin-
istration, the concentration of the active element is higher than the one 
corresponding to the therapeutic domain, which at this point can become 
toxic. Th en, the drug concentration drops rapidly under the therapeutic 
value, which imposes a new drug administration.

Th e administration of a drug immobilized on a polymeric support 
determines a variation of its concentration in the body based on diff erent 
kinetics. Th e drug is gradually released from the macromolecular support 
maintaining in this way a constant concentration in the body at therapeu-
tic value. It is obvious that the effi  ciency is increased in the second case. 
Th e controlled drug release has as objective not only having a sustained 
action, but also maintaining it constant, which would require a zero-order 
release rate in which the quantity of the drug released in the time frame 
towards the site of absorption remains constant for a long period.

Th e resinate can be obtained in various pharmaceutical forms, that are 
presented in Figure 14.3.

Th e area of pharmaceutical and medical applications of ion exchangers  
is very large and includes the following aspects:

1. pharmaceutical production (demineralization of water [31]; 
drug purifi cation (cephalosporin-C, streptomycin sulfate, 
penicillin) [32]; treatment of fermentation products; extrac-
tion and purifi cation of enzyme (lyzozyme), hormones, 
alkaloids (opium), amino acids, stabilization of vitamins 
[33]; separation of proteins, insulin and peptides [34]);

2. active pharmaceutical ingredients and excipients (taste and 
odor masking [35]; tablet disintegrants/superdisintegrant 
[36]; improve the dissolution of poorly soluble drugs [37]; 
improve the stability and physical characteristics of drugs 
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[38]; solve the problem of deliquescence; eliminate poly-
morphism; powder processing aid [39]);

3. controlled drug delivery (delivery of anticancer drugs and 
chemosensitizers to multidrug resistant cells and solid 
tumors [40]; oral, nasal, transdermal and ophthalmic appli-
cations [41-44]; implantation devices [45]);

4. diagnosis and therapeutic applications (cholesterol reducer 
[46]; treatment of liver diseases; hiperkalemia and acute 
renal insuffi  ciency [47]; urolithic and skin diseases; as 
adsorbents of toxins [48]; gastric acidity reducer [49]; bile 
acid sequestrants [46]; osmotic pump tablets [50]; regime 
of weight reduction; management of drug overdose; car-
diac failure; pre-eclampsia; hemoperfussion [51]; chewing 
gum for smoking cessation program [42]; determination of 
sodium levels in blood and urine; removal of zinc and cal-
cium ions from blood).

14.4.1 Taste and Odor Masking

Since the late 1950s, the IERs were used to mask the bitter taste of drugs for 
enhance patient compliance, especially for pediatric and geriatric purpose. 
Most of the bitter drugs have amine and amide functional groups and the 

Figure 14.3 Pharmaceutical forms of resinate

Lozenges

Suspension solution
Hollow fibers

Capsules

Chewing gum

Tablets

Microparticles
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formation of an ionic complex with IER is a way to reduce drastically the 
bitterness of the drugs. Th e taste like the smell is a chemical sense that 
relies on the bonding of the chemical substance (tastants) from the food, 
drinks or drugs by the taste receptors from the mouth. In humans, in dif-
ferent regions of the tongue are located three types of papillae: fi liform, 
fungiform, circumvallates and foliate papillae. Th e fi rst type of papillae 
detect only the texture of the food, while the last three types of papillae 
contain the taste receptors clustered in a onion shaped cells namely taste 
buds [52]. Th ese receptors take and then transmit the information to the 
brain via nerve, where they are perceived as tastes.

Th e history of the taste map started in the early 1900s, when the German 
researcher D.P Hanig published data on the taste sensitivity in various 
regions of the tongue. Also, in the same period of time in Japan, Professor 
Ikeda Kikunae discovered, while studying the taste of the Kombu broth, a 
new sense of taste called Umami, which has been accepted by the scientifi c 
world more recently. Umami or savory is a “good” taste and represents the 
sensitivity to aminoacids (glutamic acid) (Figure 14.4) [53]. Th us, some 
regions of the tongue are more sensitive to certain gustatory sensations as 
follows: tip of the tongue is most sensitive to sweet (indicates energy rich 
nutrients) and salty (modulate diet for electrolyte balance), the lateral sides 
are more sensitive to sour (taste of acids), bitter taste is perceived on the 
back of the tongue (taste of diverse natural toxins) and the whole tongue is 
sensitive to umami taste.

However, these gustatory sensations are not perfectly defi ned because 
most of taste buds can respond at two, three or all taste sensations. Th us, 

Prof. Kikunae lkeda

Sour

Bitter

Salty

Sweet

Umami

Figure 14.4 Taste sensations map and history
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certain substances seem to change their taste as they stay longer in the 
mouth. For example, at the beginning saccharin have a sweet taste, but over 
a period of time tends to become bitter. Generally, the bitterness is caused 
by two classes of substance such as, alkaloids and long chain organic sub-
stances with nitrogen in their structures. For bitter drugs [antibiotics (pen-
icillin, levofl oxacin), non steroidal anti infl ammatory drugs] the taste can 
be masked by using either pharmaceutical ingredients like fl avors, sweet-
eners, adsorbents, either various techniques as shown in Figure14.5 [54].

Th e selection of the taste masking  methods can be aff ected by the fol-
lowing factors: (1) the quantity of active pharmaceutical ingredients; (2) 
the degree of bitterness of the drug; (3) the drug particle shape and drug 
solubility; (4) the dosage form; (5) the ionic characteristics of the drug 
molecules. Among these methods, ion exchange resins are a useful tool in 
taste masking of bitter drugs resulting in a better patient compliance. Th us, 
the strong acid cation exchangers and the strong anion exchangers can be 
used throughout entire pH range for taste masking of basic and acid bitter 
drugs, respectively. Weak acid cation exchangers can be used at pH values 
above 6, while the weak base anion exchangers function below pH = 7. 
Th us, to mask the bitter taste of drugs that contain in their structure amine 
or amide groups respectively, most of oral pharmaceutical preparations are 

- Coating

- Sweeteners

- Flavors
Natural

Synthetic

Sucrose

Saccharin

Manitol

Lactose

Cyclamate

Aspartame

- Liposomes

- Lipophilic vehicles

- Supressants and potentiators

- ION EXCHANGE RESINS

- pH modifiers

- Effervescent agents

- Absorbants

- Viscosity modifiers

- Bitterness inhibitors

Air suspension coating

Coacervation - phase separation

Spray drying and spray congealing

Solvent evaporation

Interfacial polymerization

Melting methods

Solvent methods

Melting solvent methods

Inclusion in cyclodextrine

Molecular complexes of drug with other

chemicals

Rheological modification

Continuous multipurpose melt

technology

METHODS TASTE MASKING
PHARMACEUTICAL

INGREDIENTS

- Granulation

- Solid dispersion

- Complexation formation

- Gelation

- Mass extrusion

- Prodrug concept

- Multiple emulsion

- Freeze drying process

- Miscellaneous approach

- Microencapsulation

Figure 14.5 Methods used for taste masking of drug
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based on cation exchange resins [55]. In Table 14.4 are presented some 
examples of IER used in taste masking of bitter drugs.

14.4.2 Tablet Disintegrant and Rapid Dissolution of Drug

Disintegrants are excipients added to the tablets or capsules in order to 
achieve breakage of the tablets when these meet an aqueous medium.

Th e mechanisms of disintegrate action are: (1) swelling; (2) porosity 
and capillary action; (3) deformation; (4) particle/particle repulsive forces; 
(5) release of gases and (6) enzymatic route [74, 91]. Several types of ion 
exchange matrices are hydrophilic and have a high water retention capacity 
leading to the increase of the rate of drug dissolution and therefore their 
use as tablet disintegrant . For example, INDION 414 (ion exchange resin 
based on polyacrylic acid) used as tablet disintegrant present some advan-
tages: (i) high swelling capacity; (ii) are compatible with various therapeu-
tic agents and excipients; (iii) lack of adhesion tendency; (iv) are insoluble; 
(v) the tablet based on this resin has a good mechanical stability; (vi) don’t 
lump [91].

Jeong and Park used the Amberlite IRP 69 for preparing dextrometho-
rphan resinates , which are coated by various polymeric materials in order 
to obtain a sustained-release fast disintegrating tablets [92].

14.4.3 Controlled Drug Delivery

Th e low effi  ciency of drugs with small molecular weight in the treatment 
of severe diseases and the series of disadvantages, like: (1) the necessity of 
multiple drug doses in a short period of time in order to achieve the proper 
therapeutic dosage; (2) the possible fl uctuation of the active principle con-
centration in the blood fl ow which may lead to low or toxic dosage and (3) 
intermittently and/or incomplete sorption of the active principle, lead to 
the necessity of fi nding new strategies in elaboration and improvement of 
controlled drug delivery systems or target systems.

In the last 30 years, the use of polymeric materials as transporters in bio-
medicine and biotechnology has made remarkable progress. As macromo-
lecular supports for drug delivery, polymers can play two essential roles: 
protection of the bioactive molecules when it is transported through the 
body to the target organ, or to control the release of bioactive molecules in 
a pre-determined period of time.

Th e advantages presented by drug delivery systems are: maintenance of 
drug concentration in the therapeutic domain for a long period of time, 
prolongation of drug activity, elimination of local eff ects, low toxicity, 
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target administration and release of a drug in a specifi c organ, coverage of 
the unpleasant taste and/or smell when necessary, diminution of a patient 
discomfort by eliminating repeat administration, optimization of the 
therapeutic process and effi  ciency improvement in the treatment (more 
uniform blood concentration and reduction in fl uctuation in drug level 
and hence more uniform pharmacological response) and assurance of an 
optimal continuous treatment even in the night-time faze.

While the advantages of controlled drug release systems are signifi cant, 
the potential limitations cannot be ignored, namely: potential toxicity of 
materials and methods of synthesis used, undesirable degradation prod-
ucts, poor in vivo-in vitro correlation, types of immobilization methods of 
drugs, the necessity for parenteral administration, limitation of the abil-
ity to cross the capillary endothelium, implantation and/or removal of the 
system is done by surgery, the controlled drug release systems can cause 
discomfort to the patients and cost of the preparation and processing of 
controlled drug release systems can be considerably higher compared with 
the traditional pharmaceutical formulations [93].

14.4.3.1 Oral Drug Delivery

Th e drug administration at the digestive tract level it is realized through 
the drug absorption at gastrointestinal tract by two ways: oral (sublingual, 
oral and gastrointestinal) and rectal. Comparing with the other ways of 
drugs administration the oral one has the highest rate due to the fact that 
it is easy and painless.

Th is method can have advantages, but also disadvantages.

A. Advantages:

• the easiest way for ambulatory therapy ;
• can be auto administrated painless and without stress ;
• the absorption may occur along gastrointestinal tract;
• the drugs administrated orally have a lower price compared 

with the ones administrated in diff erent ways

B. Disadvantages:

• the slow therapeutic eff ect in case of unguents;
• irritation of the stomach lining leading to nausea and 

vomiting;
• sometimes the method is ineff ective because only a part of 

the drug can be absorbed ;
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• it can not be applied to the patients in coma, to the ones pre-
senting vomiting syndrome, convulsions or psychotics [94].

Oral administration is done through the introduction of the system in 
oral cavity followed by swallowing. Th e oral administration can be done for:

• local treatment: gastroprotective treatment of the intestinal 
infections and parasitic diseases;

• general treatment, during which drug absorption occurs in 
the digestive mucosa followed by its diff usion into the body.

Gastric absorption of pharmaceutical systems can be aff ected by various 
factors, such as (1) size, shape and density of pharmaceutical dosage; (2) 
nature of food; (3) eff ect of gender, posture (upright position and supine 
position) and age of patients; (4) feeding regime.

Nowadays, technology off ers the possibility to obtain controlled drug 
delivery systems in various presentation forms [95]:

• Floating drug delivery  systems:
• Single unit dosage forms (Non-eff ervescent systems and 

Gas generating systems)
• Multiple unit dosage forms (Non-eff ervescent sys-

tems, Gas generating systems and Floating (hollow) 
microparticles);

• Raft  forming systems;
• Low-density systems;

• Swelling and expandable systems;
• Bio/mucoadhesive systems;
• High-density systems;
• Modifi ed systems.

Floating drug delivery  represents one of the most promising buoyant 
approaches being used in the last period for the prolongation of the gas-
tric residence times. A fl oating system based on ion exchange resin loaded 
with bicarbonate and theophylline was developed by Atyabi et al. [96, 
97] When the system comes in contact with gastric fl uid an ion exchange 
reaction between chloride and bicarbonate ions takes place, leading to 
CO

2
 generation. Th e CO

2 
is trapped on the surface of the microparticles 

and makes them to fl oat. Yao et al. [98] immobilized ribofl avin, a drug 
with limited adsorption window onto a strong anion exchange fi bers 
based on poly(ethylene-g-styrene-trimethyl ammonium chloride) and 
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demonstrated that the drug-anion exchanger complexes provided good 
mucoadhesive properties and this system can be useful for the develop-
ment of muchoadhesive oral drug delivery systems. Core-shell micropar-
ticles based on acrylic ion exchange resin as core and gellan or xanthan 
as shell were used for immobilization of cefotaxime sodium salt in order 
to obtain a suitable oral drug delivery system [99, 100]. Some examples 
of simple resinate used in oral controlled drug delivery are presented in 
Table 14.5.

In some cases the drug release can be very fast in the presence of an 
excess of ions and dose dumping can occur. Th is process can be pre-
vented by coating the surface of resinates  with diff erent materials such 
as, waxes or natural and synthetic polymers. Th e coating acts as a diff u-
sion barrier and its thickness can be adjusted by changing the synthesis 
parameters so as to provide a slow release of the drug in the gastrointes-
tinal tract.

In Table 14.6 are presented some types of drug delivery systems based 
on ion exchangers  coated with various polymers. For pediatric and gastric 

Table 14.5 Examples of simple resinate used in oral controlled drug delivery

Drug IER Ref.

Dextromethorphan Dowex 50WX

Amberlite IRP-69

[92]

Propranolol HCl Cationic exchangers based on calcium 

alginate

Amberlite XE-364R, Amberlite IRP 69, 

Amberlite IR-120PLUS, Amberlite IR 122 

[101]

Chlorpheniramine Cationic exchangers based on sulfonated 

styrene-DVB copolymers

[102]

Tacrine Smopex 101, Smopex 102

Methylene blue Indion 234, Indion 234S, Indion 254, Indion 

294, Amberlite IRP 64, Amberlite IRP 69, 

Amberlite IRP 88

[41]

Diclofenac sodium Duolite ATP 143 [103]

Sulfadiazine sodium Dowex 1-X8 [104]

Diphenhydramine 

hydrochloride

Dowex 88, Amberlite IRP 64 [58]

Ranitidine Amberlite IRP 69 [60]
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Table 14.6 Some types of drug delivery systems based on coated ion exchang-

ers  [107-125]

Resin Polymer coating Drug

Amberlite IRP-69 Poly(methyl methacrylate) Pseudo ephedrine HCl

Kollicoat SR 30D Dextromethorphan hydrobromide

Methocel K4M Diphenhydramine hydrochlroide

Ethyl cellulose Naproxen sodium

Chlorpheniramine maleate

Hydroxypropylmethyl cellulose Propranolol HCl

Eudragit RS 100

Eudragit RS 100 Venlafaxine HCl

Amberlite IP 88 Ethyl cellulose Naproxen sodium

Amberlite IR-200 Ethyl cellulose Phenyl propanolamine

Amberlite XE-69 Phenyl propanolamine

Dowex 2x10 Eudragit Th eophylline

Dowex Paraffi  n, ethyl cellulose Th eophylline

Dowex 1-X4 Carbopol 934 Amoxicillin trihydrate

Hydroxyl propyl methyl cellulose 

phtalate

Diclofenac sodium

Dowex 1-X8 Poly carbohil Amoxicillin trihydrate

Hydroxyl propyl methyl cellulose 

phtalate

Diclofenac sodium

Dowex 1-X2 Aquacoat Diclofenac sodium

Eudragit RS 30D

Dowex 

50Wx4-200

Kollicoat SR 30D Dextromethorphan

Dowex 50Wx 4

Cellulose acetate butyrate, PVA Diltiazem

Eudragit RS, silicon, PVA Terbutaline hemisulfate

Ethocel Premium 20, 45, 100 Dextromethorphan hydrobromide 

monohydrate

Dowex 50Wx 8 Cellulose acetate butyrate Diltiazem

Dowex 88 Eudragit RS 100 Chlorpheniramine maleate

Duolite AP 143 Eudragit RL Naproxen sodium

Indion 244 Eudragit RS 100 Chlorpheniramine maleate

HPMC Verapamil HCl

Indion 254

HPMC Verapamil HCl

Poly ethylene imines, polystyrene Propranolol HCl

Polystyrene, methyl cellulose Diltiazem HCl

Indion 234 Poly ethylene glycol Ciprofl oxacin

Tulsion 335 Hydroxypropyl cellulose-LF Cetirizine HCl
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Resinate

Resinate

Resinate

Stomach

Intestine

+ HCI

+ HCI

+ NaCI

+ NaCI

Cation exchanger, ionic form H+

Cation exchanger, ionic form Na+

Anion exchanger, ionic form Cl-

Anion exchanger, ionic form Cl-

NH2 HCI

NH2 HCI

Drug hydrochloride

Acidic drug

COOH

COONa

Sodium salt of drug

Drug hydrochloride

Figure 14.6 Drug release mechanism from resinate in the gastrointestinal tract

patients were developed several oral controlled drug release liquid sus-
pensions based on various resinates , such as: Delsym [105], Liquifer [13], 
Penntuss [106] and theophylline controlled release liquid [107].

Another approach for oral drug delivery system is represented by the 
elementary osmotic pump tablets that can be used in ulcerative colitis, 
asthma, heart diseases and arthritis. In this case, the driving force for deliv-
ery of active substance is osmotic pressure.

Wang et al. [50] have developed a novel time controlled system based on 
a combination between propranolol HCl-Amberlite IRP 69 complexes and 
osmotic pump tablet. Th e in vitro - in vivo experiments recommend these 
osmotic pump tablets as therapeutic agents in chronotherapy. Th e drug 
release mechanism from resinate in the gastrointestinal tract is presented 
in Figure 15. 6.

Th e release rate of drugs from resinates  can be aff ected by various fac-
tors such as: selectivity of drug for the resin, ionic environment in the gas-
trointestinal tract and properties of resin [109].

Generally, the mathematical approaches to investigate the kinetics of 
drug release from drug delivery systems are presented in Table 14.7. Drug 
release from resinate can be controlled by two mechanisms: (1) diff usion 
of drug across the thin liquid fi lm which is formed around the resinate 
particle; (2) diff usion of free drug in the resin matrix.
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As suggested in the Boyd model [126] the fraction of drug released can 
be determined by the following equation:

 

2 2

2 2 2
1

6
1

n Bt
t i

n

M De
F B

M n r
 (14.3)

where: M
t
 = amount of drug released at time t; M∞ = amount of drug 

released at infi nite time; B = rate constant; D
i
 = eff ective diff usion coef-

fi cient; n = variable.
For F < 0.85 the equation is reduced to [127]:

 

1/22

2 2 1
3 3

F F
Bt = − − −  (14.4)

F > 0.85

 
ln 1 0.04977Bt F  (14.5)

Th e drug release profi le of various resinates  has been characterized by 
means of B and D values.

14.4.3.2 Ophthalmic Drug Delivery

Th e eye is a unique organ by means of which the information is transmit-
ted in certain areas of occipital lobe of the brain, where the picture of the 
outer world that we see is formed. Over time, ophthalmology was a very 
important fi eld with continuous progress that is based both on the discov-
ery of new medical treatments specifi c to the etiology of each disease and 
a better understanding of the pathophysiology of the eye. Th e ocular drug 
delivery  is a very important route of drug administration because the drug 
enters in systemic circulation avoiding the hepatic fi rst pass eff ect [136]. 
According to route of administration the ocular drug delivery can be clas-
sifi ed as follows: (1) topical; (2) intraocular and (3) systemic [137].

In Table 14.8 are presented some advantages and disadvantages of these 
drug delivery systems.

Because of their excellent properties the ion exchangers  can be used 
successfully in the treatment of eye problems. Th us, the well-known sterile 
ophthalmic suspension Betoptic S, based on Amberlite IRP 69-betaxolol 
HCl (antiglaucoma drug) is the fi rst ocular resinate produced and mar-
keted in US since 1990, in order to lower elevated intraocular pressure 
[44]. Also, the treatment of eye infections can be realized with polystyrene 
sulfonate-ciprofl oxacin complexes [138].
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14.4.3.3 Ion Exchangers for Cancer Treatment

Nowadays, cancer is the second lethal disease aft er heart diseases, being the 
result of uncontrolled division of cells. Th e goal of all cancer treatments is to 
destroy or remove all tumors and cancer cells from the patient body. Cancer 
can attack anywhere and because of this, the treatment and prevention of 
disease represents a great challenge for the scientifi c world. Doxorubicin 
is a chemotherapeutic agent that can be used in the treatment of various 
forms of cancer: leukemia, multiple myeloma, Hodgkin’s lymphoma and 
cancers of the breast, ovaries, lung, bladder, thyroid, stomach and soft  tis-
sue. Entrapment of ionic cancer drugs (vinblastine, doxorubicin) and che-
mosenziting agents (verapamil) within microspheres based on Sephadex 
SPC 25 can represented a new opportunity in cancer therapy [139].

Experiments have demonstrated that treatment with resinate leads to 
suppression of tumor growth and reduces the systemic toxicity compared 
with treatment based on injection of free doxorubicin solution [140]. Also, 
doxorubicin was immobilized by Sawaya et al. [141] onto ion exchange 
albumin microcapsules. Hydrophobically modifi ed sulfopropylated dex-
tran microspheres coated with Eudragit RL 100 or corn oil were used by 
Liu et al [23] as carrier supports for immobilization of anticancer drugs, 
namely verapamil. A promising method to reduce the immunogenicity of 
the virus as well as to increase gene delivery effi  ciency in a number of cell 
types is the use of ion exchange microparticles as carriers of liposomal-
adenoviral conjugate [142].

Table 14.8 Advantages and disadvantages of ocular drug delivery  systems

Advantages Disadvantages

Increase of the corneal contact time Is expensive

Ensure a better effi  ciency Some operation technique (inser-

tion) is diffi  cult

Increase shelf life Sometimes can occur a decrease in 

visual activity

Possibility of targeting within the 

ocular globe

Diffi  cult to handle

Exclusion of preservatives Occasional inadvertent loss

Improve therapeutic performance of 

drug

Foreign body sensation

Reduction of systemic side eff ect



494 Advanced Bioelectronic Materials

14.4.4 Transdermal Drug Delivery Systems

In recent years iontophoresis and the combination with other approaches 
(electroporation, chemical enhancers, sonophoresis, microneedle and ion 
exchange material) have been investigated being used for delivery of mac-
romolecules and poorly water soluble compounds [143]. Iontophoresis 
(electromotive drug administration) is a non-invasive method that uses a 
small electrical charge to deliver a bioactive substance (ionized and union-
ized molecules) through the skin [144]. Th is method is used for the appli-
cation of anti-infl ammatory drugs, in plantar fasciitis, bursitis and some 
types of hyperhidosis. Some advantages of iontophoresis are: (1) bypasses 
hepatic fi rst past eff ect; (2) higher patient compliance; (3) continuous or 
pulsatile delivery of ionized or nonionized drugs; (4) can be used as sys-
temic or topical release of drugs; (5) control the amount of drug released; 
(6) avoid severe skin irritations. Ion exchange fi bers were designed as con-
trolled transdermal delivery systems of some drugs such as ketoprofen 
[145], levodopa and metaraminol [38]. It was observed that iontophoretic 
enhancement permeation of the last two drugs across the skin was highly 
with metaraminol compared with the zwitterionic levodopa. Schwendeman 
et al. [146] have developed an iontophoretic implant based on heteroge-
neous cation-exchange membranes that are capable to deliver antiarrhyt-
mic agents directly to the heart for treatment of cardiac arrhythmias.

14.4.5 Ion Exchangers as Th erapeutics

Since the 1950s it was found that such polymers may have therapeutic 
application being used in the control of gastric acidity [147], treatment 
of cardiac edema [148], treatment of ulcer, cirrhosis of the liver [149], 
renal diseases [150] and toxemia in pregnancy. Moreover, the strong acid 
ion exchange resin sodium polystyrene sulfonate, namely Kayexalate or 
Kionex has been used as an adjuvant in treatment of hyperkalemia [151], 
while colestipole (weak base ion exchange resin) and cholestyramine 
(strong base ion exchangers ) were used as bile acid sequestrants to treat or 
to control hypercholesterolemia [46].

A new resin Colestimide (2 methylimidazole epichlorohydrin polymer) 
was found to have double action: bile acid sequestrant to lower the high 
level of cholesterol, being four time more powerful than cholestyramine 
and reduces the level of plasma glucose in type 2 diabetes associated with 
hypercholesterolemia [152]. Tobacco is the second most important cause 
of death which can be prevented, Th e World Health Organization estimat-
ing that each year 5 million people die due to tobacco-related diseases like: 
lung cancer, chronic obstructive airways and ischemic heart diseases. Th e 
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nicotine, an alkaloid that is the main addictive agent can lead to the phys-
ical and psychological dependences as well as to the damage of various 
organs and systems of the human body, such as: circulatory system, lungs, 
heart, skin, eyes, teeth, stomach and respiratory system. Today the nicotine 
replacement therapy is one of the most widely used treatments to provide 
smoking cessation [42]. Products based on nicotine can be presented in 
diff erent forms: chewing gum, nasal spray, adhesive transdermal patches, 
sublingual tablets and oral mucosal inhalers [153, 154]. For examples, a 
chewing gum called Nicorette contains nicotine adsorbed on a weakly acid 
ion exchanger [155]. Duromine (phentermine and ion exchanger resin 
complex) is indicated in the management of obesity as short-term adjuvant 
to weigh reduction in obese and overweight patients. Also, Biphetamine 
capsules that contain a mixture of amphetamine and dextroamphetamine 
sorbed onto sulfonic acid cation exchanger has been used for short period 
of time in order to control the children obesity [156].

14.5 Conclusions

Due to their excellent properties IERs are an open window for the devel-
opment of advanced materials with pharmaceutical and medical appli-
cations. Th e effi  ciency of IERs as drug delivery systems depends on the 
same properties like: crosslinking degree, moisture content and swelling 
degree, particle size and particle size distribution, porosity, ion exchange 
capacity, functional groups, selectivity, stability and toxicity. Nowadays, 
various pharmaceutical formulations based on ion exchange resins are 
available in the market covering a wide range of applications such as: taste 
and odor masking, tablet disintegrants and rapid dissolution of drug, oral, 
ophthalmic and transdermal drug delivery, in cancer therapy and in ther-
apeutic fi eld (control of gastric acidity, treatment of cardiac edema, treat-
ment of ulcer, cirrhosis, renal diseases, smoking cessation and bile acid 
sequestrants).
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