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Abstract

Electrochemical impedance spectroscopy (EIS) is a sensitive
technique for the analysis of the interfacial properties
related to biorecognition events such as reactions catalyzed
by enzymes, biomolecular recognition events of specific
binding proteins, lectins, receptors, nucleic acids, whole cells,
antibodies or antibody-related substances, occurring at the
modified surface. Many studies on impedimetric biosensors are
focused on immunosensors and aptasensors. In impedimetric
immunosensors, antibodies and antigens are bound each
other and thus immunocomplex is formed and the electrode
is coated with a blocking layer. As a result of that electron
transfer resistance increases. In impedimetric aptasensors,
impedance changes following the binding of target sequences,
conformational changes, or DNA damages. Impedimetric
biosensors allow direct detection of biomolecular recognition
events without using enzyme labels. In this paper, impedimetric
biosensors are reviewed and the most interesting ones are
discussed.

Keywords: biosensor, electrochemical impedance spectroscopy,
impedance-based biosensor

Introduction

The pioneering study of Clark and Lyons, more than four
decades ago, shed light on some analytical researches in
designing of biosensors, which perform as economical
and fast tools for clinical, chemical, environmental, and
pharmaceutical studies. Because of its simple use and por-
tability in relatively complex samples, biosensors offer a
potential alternative to advanced bioanalytical systems (Jin
etal. 2011).

Electrochemical impedance spectroscopy (EIS) appears
to be an excellent technique for the investigation of both
bulk and interfacial electrical properties of electrode systems
which can be used to determine quantitative parameters of
electrochemical processes. If biorecognition events occur
at the modified surfaces, the interfacial properties change.

Shortly, EIS provides a fingerprint of the interfacial region
(Maalouf et al. 2007).

Electrochemical reactions, known as electron transfers at
the electrode surface, involve electrolyte resistance, adsorp-
tion of electroactive species, charge transfer at the electrode
surface, and mass transfer from the bulk solution to the
electrode surface. Each reaction process is represented by
an electrical circuit that consists of resistance, capacitors, or
constant phase elements combined in parallel or in series.
The most favorite model of electrical circuit for a simple
electrochemical reaction is the Randles-Ershler electrical
equivalent circuit model, consisting of electrolyte resistance
(R,), charge-transfer resistance (R_,) at the electrode/elec-
trolyte interface, double-layer capacitance (C,), and mass
transfer resistance (R ), also Warburg impedance (W). The
solution resistance is determined by the solution conductiv-
ity and the geometry of the reaction cell, namely the distance
between the electrodes and the cross-sectional area of solu-
tion linking the electrodes. The double layer capacitance dis-
plays the electrostatic interplay between the electrode and
the electrolyte and depends on the electrode area, nature,
the electrolyte ionic strength, and permittivity. Together,
R, and W make up the faradaic impedance. R, reflects the
charge transfer kinetics and can be thought of as the ratio of
overpotential to current in absence of mass transfer limita-
tion. Equivalent circuit models can be partially or completely
empirical, each circuit component comes from a physical
process in the electrochemical cell and has a characteristic
impedance behavior (Yuan et al. 2010).

The impedance spectrum of an electrochemical sys-
tem which is a function of frequency can be displayed in
Nyquist or Bode plots. Nyquist plots usually include a semi-
circle region lying on the axis followed by a straight line. The
semicircle portion (at higher frequencies) corresponds to
the electron-transfer-limited process, and the straight line
(at low-frequency range) represents the diffusion-limited
process. This spectrum can be used to extract the electron
transfer kinetics and diffusional characteristics. In very
fast electron transfer processes the impedance spectrum
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includes only the linear part, while very slow electron
transfer processes are characterized by a large semicircular
region (Yuan et al. 2010, Wang 2006). The diameter of the
semicircle equals to the electron transfer resistance (Wang
2006). Bode plot is logarithm of the absolute value of imped-
ance (Z) and the phase (®) are plotted against the logarithm
of frequency (f).

EIS is a powerful tool for investigating the interfacial
properties related to bio-recognition events occurring at
the modified surfaces. One of the advantages of EIS is the
small amplitude perturbation from steady state, which
makes it a non-destructive technique. The impedance
can be measured in the presence or absence of a redox
couple, which is referred to faradic and non-faradic imped-
ance measurement, respectively. The faradic biosensors
detect biorecognition events which occur at the modified
electrode by measuring the change in the faradaic current
(interfacial electron transfer resistance) owing to steric
hindrance caused by the biomolecular interaction and/or
by the electrostatic repulsion between the free charges of
the target molecules and the electroactive species in the
supporting electrolyte. Redox probe selection depends on
various parameters such as the charge, hydrophobicity/
hydrophilicity, size of the redox couple, and the chemical
and physical properties of the modified electrodes (Elshafey
etal. 2013a).

The limitations of the EIS technique are the several
requirements to obtain a valid impedance spectrum.
Theoretically, there are three basic requirements for AC
impedance measurements: linearity, stability, and causality.
The accuracy of EIS measurement depends not only on
the technical precision of the instrumentation but also
on the operating procedures (Yuan et al. 2010).

Biosensors based on impedance

Biosensors are designed for monitoring a biological reaction
at the surface of transducers (Helali et al. 2006). A variety of
biomolecules such as enzymes, antibodies, cells, and micro-
organisms are the basic detection elements. For the develop-
ment of an electrochemical biosensor, the key requirement
is reproducibly immobilizing these biomolecules on to the
sensor surface with keeping their biological activity (Rezaei
et al. 2014). According to literature, various strategies have
been used to design impedimetric biosensors. Among
these strategies are formation of surface functional groups
(carboxyl, amino, etc.) through various chemistries such as
silane on glass or indium tin oxide, and alkanethiol mono-
layers on Au to covalently link biomolecules to surfaces;
the physical entrapment of biomolecules by various elec-
trochemically formed polymers (i.e., polypyrrole and poly-
aniline) or gel coatings; immobilizing biomolecules within
Langmuir-Blodgett (LB) films based on amphiphilic poly-
electrolytes; and the layer-by-layer assembly of alternately
charged polyions.

Nanostructured materials, which are very attractive owing
to their unique optical, electrical, catalytical, and magnetic
properties, have been used in the field of biosensors and
nanoelectronic devices.
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Antibody-antigen based impedimetricimmunosensors
Impedimetric immunosensor is a sensitive technique
for simultaneous, label-free detection of antigen-antibody
binding. In impedimetric immunosensors antibodies are
immobilized on the electrodes, optical fiber, or semicon-
ductor chips, and they have attracted great interest in recent
years because of their promising applications in various
areas. Antibodies and antigens are bound to each other
and thus immunocomplex is formed and the electrode is
coated with a blocking layer. As a result of that, electron
transfer changes. After antigens binding to the antibodies,
the access of the redox probes is hindered to a higher degree
than in the absence of antigens. Since the Faradic reaction
of a redox couple hinders increasingly, the electron transfer
resistance will increase and the capacitance will decrease
(Hou et al. 2013).

The most important step in the preparation of impedi-
metric immunosensors is immobilization of biomolecules
on the electrode surface, because it is essential to generate
stable, reproducible, and selective biosensors. For example,
antibodies are physically adsorbed on the gold surface; but
the adsorption of antibodies directly onto the bulk metal
surface leads to the denaturation and the reduction of their
bioaffinity. When antibodies are adsorbed on the surface of
noble metal nanoparticles can retain their activity due to
the biocompatibility of these nanoparticles mainly AuNPs
(Chullasat et al. 2011). Table I summarizes the impedimetric
immunosensors in literature.

Antibody-binding proteins such as protein A and pro-
tein G are generally used to immobilize oriented antibod-
ies. Elshafey et al. (2013a) developed an electrochemical
impedance immunosensor based on the detection of cancer
marker epidermal growth factor receptor (EGFR) in brain
plasma. Anti EGFR antibodies bind to protein G modified
electrode via their nonantigenic Fc regions.

Canbaz et al. (2014) quantified HER-3 for the first time by
using anti-HER-3 antibody as biorecognition element. Self-
assembly of hexandithiol on a gold electrode was success-
fully performed and then gold nanoparticles immobilized
on SAMs to enhance the surface area. Cysteamine mono-
layers were self assembled on the gold nanoparticles. After
performing SAMs, glutaraldehyde was used as crosslinking
agent to anti-HER-3 immobilization. By using BSA, active
ends of the electrode surface are blocked. Finally, artificial
serum samples were spiked with HER-3 and detected by
the biosensor. They used the single impedance technique,
which is firstly used to characterize the binding between
HER-3 and anti-HER-3.

Hou et al. (2014) constructed a sandwich immunosensor
for PSA detection. The signal was amplified based onthe Ab,,--
AuPd-DNA toward the catalytic precipitation of 4-choloro-1-
naphthol (4-CN). DNAzyme catalyzed the oxidation of 4-CN,
while AuPd hybrid nanostructures not only provided a large
surface coverage for immobilization of biomolecules but
also promoted 4-CN oxidation to some extent. The produced
insoluble benzo-4-chlorohexadienone via 4-CN was coated
on the electrode surface, and hindered the electron transfer
between the solution and the electrode, thus increasing the
Faradaic impedance of the base electrode.
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Limit of detection

0.2 pg/ml

40 fg/ml

1.5nM

1 pg/ml

10 fg/ml in PBS, 100 fg/ml
in serum

0.28 pg/ml

0.1 pg/ml

10 cfu/ml

Assay principle
cells interaction

Antibody-antigen
interaction
Antibody-antigen
interaction
Antibody-antigen
interaction
Antibody-antigen
interaction
Antibody-antigen
interaction
Antibody-antigen
interaction
Antibody-antigen
interaction
Lectin-bacteria or
Con A lectin-toxin
interaction

Immobilization step

Au/HDT/AuNPs/Cys/glu/anti-HER-3/BSA/HER-3
(PSS)/PAH/concanavalin A (Con A) or ricinus agglutinin (RCA)/BSA/bacteria

propionate (DSP)/anti-troponin T capture antibody/Superblock/protein
or mammalian cells

troponin-T
Au/4-aminothiophenol/glu/anti-HER3/BSA/HER3

antibody/HA
Printed circuit boards (PCB)/zinc oxide thin films (Z0O)/dithiobis succinimidyl

Au/1,6-haxandithiol (HDT)/Staphylococcal protein A (SPA)/anti-CEA/BSA/CEA
Au/3-mercapto-1-propanesulfonic acid (MPS)/polycation (PAH)/polyanion

Au (MACS)/coiled-coil peptide (CCP) modified microelectrode array/HA-

Steel electrode/PANI/glu+ Con A/BSA/LPS
Steel electrode/PANI/glu+ Con A/BSA/LTA

ITO/APTES/glu/anti-HER-3/BSA/HER-3

GCE/MWCNTs/BSA/BN

hydrochloride (BN)
Human influenza virus
hemagglutinin (HA)
Protein troponin T
antigen (CEA)
Gram — bacteria
Gram + bacteria

Fungus

(LPS)
Lipoteichoic acid (LTA)

cells
Lipopolysaccharide

Table 1. (Continued)
Target molecule
Carcinoembriyonic
Human cervical cancer

HER-3
Buprenorphine

HER-3
HER 3
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Xi et al. (2011) developed a label free electrochemical
impedimetric biosensor based on lectin-bacteria interac-
tion. S. cerevisiae was captured by concanavalin A (Con A)
interface through the interaction of Con A with the glycosyl
complexes on cellular surface. In the presence of mannose
(Man) on the electrode surface or in the reaction solution,
the R , was decreased. The resulting electrode also showed a
major decrease of the R, indicating the decreased amount
of bound S. cerevisiae and efficient competition between
Man and S. cerevisiae.

Aptamer-based impedimetric biosensors

Aptamers are artificial single-stranded DNA or RNA oligonu-
cleotides (typically smaller than 100 mer). They are selected
from large randomized oligonucleotide libraries by SELEX
(systematic evolution of ligands by exponential enrichment).
Different types of target molecules including proteins, small
molecules, cells, viruses and bacteria, and amino acids can
be bound specifically to aptamers with high affinity. Aptam-
ers have presented some superior features such as high
specificity of binding affinity, better stabilization, and longer
shelflife when compared to antibodies (Erdem et al. 2014).

Electrochemical nucleic acid sensors (genosensors)
provide sensitive and inexpensive nucleic acid detection
in complex samples, and they require a reduced number of
PCR-based amplification steps without the need for target
purification (Regan et al. 2014).

In impedimetric techniques, changes in current,
resistance or impedance following the binding of target
sequences (hybridization), conformational changes or DNA
damages can be monitored. After target binding a measur-
able change occurs with these modes (1) direct detection of
hybridization (label-free), (2) labeling of the target nucleic
acid sequences with redox active substances/nanoparticles
or (3) signal probes (indirect labels) that intercalate within
the stacked base pairs, electrostatically bind to the phos-
phate backbone or sit within the grooves of the double helix
(Regan et al. 2014). Table II summarizes the impedimetric
aptamer-based biosensors in literature.

Various materials such as gold nanoparticles, quantum
dots, carbon nanotubes (Bonanni and Del Valle 2010), ZnO
(Yumak et al. 2011), FePt/ZnS nanocore-Shell (Chang and
Wu 2010), a mercaptoacetic acid-modified cadmium sulfide
(Sun et al. 2007) and carbon-nanotubes/nano zirconium
dioxide/chitosan (Yang et al. 2007), graphene oxide/gold
nanoplatform (Gupta et al. 2013) have demonstrated that
they amplify the changes in charge transfer resistance (R )
and increase the sensitivity of DNA hybridization detection.
Zhang et al. (2013b) used an adjunct probe for signal ampli-
fication. An adjunct probe, thiol-modified DNA sequence
with 14 bases, functioned as a fixer to immobilize the dis-
sociative element of reporter probe to form loop structure. It
blocked charge transfer and amplified EIS signal. Anincrease
of R, in the presence of the adjunct probe was more than ten
times that of R without adjunct probe. Bonanni et al. (2009)
used streptavidin modified gold nanoparticles for signal
amplification of impedimetric detection of DNA hybridiza-
tion. It permitted rapid formation of an easily detected con-
jugate with biotinylated DNA through a streptavidin-biotin
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Table II. (Continued)

Limit of

References
Wun and Yang (2013)
Fan et al. (2013)

detection

10 aM

1

Assay principle

Immobilization step

ITO/Au film/complementary DNA (cDNA)/MCH/selected DNA/dt DNA

Au/AuNPs/aptamer/MCH/acetamiprid

Target Molecule

dt DNA

hybridization

Aptamer-protein interaction

Acetamiprid

Erdem and Congur

1.63 ug/ml

Pencil graphite electrode (PeGE)/ds DNA/bleomycin (BLM)+ cis-platin (Cis-DPP)+ mitomycin C ~ Aptamer-antigen interaction

Bleomycin (BLM)

(2013)
Patel et al. (2013)

(MC)
GCE/ITO/nanostructured magnesium oxide (nMg0)-cMWCNTs/NHS/EDC/NH,-ssDNA/target

~21.7 ng/uL

hybridization

Vibrio cholerate

DNA
Multi-SPE8/G2-PS/DNA-APT/BSA/APC

Erdem and Congur

1.81 ug/ml

Aptamer-protein interaction

Activated protein C

(2014)
Sheng et al. (2014)

Mese et al. (2014)

0.21 nM
8.9 ug/ml

Aptamer-antigen interaction

hybridization

Au/Triangular Pyramid Frustum Nanostructure (TPF;, ,)/cocaine

Cocaine

Pencil graphite electrode (PGE)/G4-PAMAM/EDC/HBV-DNA probe/complementary DNA

Hepatitis B virus

(target)

(HBV)
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interaction, thus avoiding the need of synthesizing DNA
modified with nanoparticles, which is a more time consum-
ing procedure. Due to signal amplification it was possible to
increase the sensitivity of the method, obtaining a compa-
rable signal with a DNA amount 40 times lower.

The charge transfer resistance (R_,) of the electrode
increased with the concentration of the target DNA hybrid-
ized with the target ss-DNA (Gupta et al. 2013, Zhang 2013).
The single-base mismatched DNA sequence and double-
base mismatched DNA sequence were recognized via
comparing the increase of their R , values. The results dem-
onstrated that this DNA biosensor displayed high selectivity
for the hybridization detection (Zhang 2013).

Thrombin was selected as target molecules for several
studies in literature, because it is a major stimulus of both
procoagulant and anticoagulant reactions, and thus is a
key element in various pathogenesis, including leukemia,
arterial thrombosis, and liver disease (Xu et al. 2013a). The
most extensively investigated prototype thrombin-binding
aptamer (TBA) is a 15-mer single-stranded DNA. After bind-
ing to thrombin, TBA forms an intermolecular quadruplex
structure and restricts the activity of thrombin. The assembly
of the TBA monolayer film onto the electrode surface led to
afurther increase in the R , value, owing to the abundance of
negative charges on TBA sugar-phosphate backbone. After
incubation in thrombin, the formation of TBA-thrombin
complex on the electrode surface contributed to a significant
increase in the R, value. Also, TBA-thrombin complex insu-
lates the electron transfer between the electrode surface and
electrode solution (Zhang et al. 2009).

Another strategy for DNA detection involves a three-
component “sandwich” assay, in which the redox label is
attached to a synthetic sequence specifically designed to
bind an overhang portion of the probe and target DNA.
These strategies need an extra chemical labeling step
either in the target DNA or in the synthetic oligonucleotide
which makes the process more expensive and effortful
(Drummond et al. 2003).

Cell-based impedimetric biosensors

In cell-based biosensors, bacterial or prokaryotic cells have
been used for detection systems. Higher eukaryotic and
mammalian cells are higher detection systems. Using cell for
biorecognition events have advantages. They are capable of
external stimuli in sifu analysis, most tissue types of cell lines
and awide range of growth media are commercially available
and they provide more comprehensive and complex func-
tional information than nucleic acid and immunochemical
methods (Banerjee and Bhunia 2009).

Biological cells have very different electrical proper-
ties because of the cell membranes which consist of a lipid
bilayer containing many proteins, where the lipid molecules
are oriented with their polar groups facing outward into the
aqueous environment, and their hydrophobic hydrocarbon
chains pointing inward to form the membrane interior. In
the inside of a cell is present membrane covered particulates,
such as mitochondria, vacuoles and a nucleus, and many
dissolved charged molecules. While the cell membrane is
highly insulating, the interior of the cell is highly conductive.
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The conductivity of the cell membrane is around 10~ 7 S/m,
whereas the conductivity of the interior of a cell can be as
high as 1 S/m (Pethig and Kell 1997, Yang and Bashir 2008).

Bacterial biosensors coupled to impedimetric detection
can be classified into two types, depending on the location
of the bacterial cells in the experimental set up. One type
deals with measuring the impedance change caused by
the interaction between the analyte and bacteria-modified
electrodes. Another type deals with measuring metabolites
produced by bacterial cells as a result of growth in the pres-
ence of the analyte. Table III summarizes the impedimetric
biosensors based on cells in literature.

Qi et al. (2013b) constructed a biosensor, in which bac-
teria mediated bioimprinted films were used for selective
bacterial detection. Chitosan (CS) doped with reduced
graphene sheets (RGSs) was electrodeposited on an indium
tin oxide electrode, and the resulting RGSs-CS hybrid film
served as a platform for bacterial attachment. After deposit-
ing RGSs-CS nanocomposite film onto the ITO electrode,
the R, decreased when compared with the result obtained
with bare ITO electrode. As a result of graphene facilitat-
ing the charge transfer process of [Fe(CN).]*"/*~. A much
larger resistance was observed when sulfate reducing bac-
teria (SRB) attached onto the conductive films—because
the bacteria hindered the charge transfer process. After
the nonconductive CS film was formed to embed the bac-
teria, the R , increased again. Subsequently, fluorine silane
coupling agent was coated on the functionalized ITO elec-
trode and the SRB were washed away by acetone to leave
bioimprinted cavities. Consequently, the charge transfer
resistance decreased sharply.

Enzyme-based impedimetric biosensors

Effective immobilization of enzyme onto electrode surface
is one of the key steps in the fabrication of biosensors. Vari-
ous immobilization strategies such as physical adsorption,

Table III. The impedimetric biosensors based on cells.

covalent attachment, entrapment, cross-linking, or affin-
ity have been used. Each immobilization method presents
advantages and disadvantages. The choice of the most
appropriate technique also depends on the enzyme nature,
the transducer, and the associated detection mode. The best
method of enzyme immobilization is related to biosensor
application which requires maximum sensitivity or stabil-
ity. If immobilization method causes enzyme denaturation
or conformational change or if the enzyme on its active site
modifies, sensitivity decreases. Enzyme denaturation and
blocking of active sites cause loss of activity. The solution
of this drawback is using spacer arm between the enzyme
and the support under covalent binding. Techniques based
on affinity interactions between enzymes and (strept)avidin
molecules, lectins, or sugars allow to immobilize enzymes in
an ordered and site-specific manner, thus developing effi-
cient biosensors. Likewise, self-assembled monolayer-based
immobilization reduces the number of random orientations,
generates uniform, reproducible and stable structures with
high coverage (Sassolas et al. 2011).

Table IV summarizes the impedimetric biosensors based
on enzymes and proteins in literature.

Oliveira et al. (2011a) constructed a biosensor for bacte-
rial lipopolysaccharide determination. The deposition of
poly(vinyl chloride-vinyl acetate maleic acid) (PVM) on the
electrode surface formed a film with a large surface area
for the assembly of cysteine-coated gold nanoparticles
(AuNpCys) and further immobilization of CramoLLlectin. As
a result of the AuNpCys inorganic-organic composite con-
taining an amine group with a positive charge was adsorbed
on a negatively-charged PVM-modified gold electrode.
Finally, negatively charged CramoLL was immobilized on
the AuNpCys-PVM composite film based on an electrostatic
interaction between oppositely charged species.

Cortina et al. (2006) developed a urea impedimetric bio-
sensor using Rohm Pharma Eudragit S-100 ehteric polymer,

Limit of
Target molecule Immobilization step Assay principle detection References
Exogenous agents Au/cys/laminin/EDC/NHS/PC 12 Calcium exocytosis and ion - Slaughter and
cells/exogenous agents modulation Hobson (2009)
E.coli Nitride silicon wafer/gold layer/E.coli  E.coli and its metabolites - Kim et al. (2009)
Acetylcholin (ACh) Electrode/bactoagar gel and Conductivity - Valero et al. (2009)
neuroblatoma (N,a)cells/ACh
E.coli Platinum surface/E.coli Conductivity 10 CFU/ml Muioz-Berbel et al.

ITO/reduced graphene sheets (RGSs)-
CHIT film/CS/fluorinated silane
coupling solution/SRB

Gold micro electrode/aminothiol/
SWCNT/anti-pseudomonas
antibody/casein/P.putida FI (PpF1)/
TCE

Au/mercaptoacetic acid (MACA)/
EDC/NHS/anti-E.coli antibody
(IgG)/E.coli/M13 phage

Platinum disc electrode/E. Coli WG5

Sulfate reducing bacteria
(SRB)

Trichloroethylene (TCE)

Non-lytic M13
bacteriophage infection

Bacteriophage PhiX174

m.o. Silicon wafer/Au/agar

Organochlorine pesticides ~Steel/starch-casein-agar (SCA)/
(OCPs) streptomyces strain M7 (SM7)/OCP

7ZD6474 Au/RPMI 1640/T47D/ZD6474

Binding SRB change impedance
of biosensor

Toulenedioxygenase of PpF1
degraded TCE

Pathogen-cell interaction -

Bacterial infection caused lysis of -
host strain

Bacterial growth -

Chloride ion release -

Cytotoxic effect of anticancer -
drug (2014)

(2008)
0.7 X 10* CFU/ml Qi et al. (2013b)

20 ug/L Hnaien et al. (2011)

Cheng et al. (2013)

Garcfa-Aljaro et al.
(2009)

Choi et al. (2009)

Rodriguez et al.
(2014)

Pradhan et al.
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which is a copolymer of methyl methacrylate and meth-
acrylic acid that undergo a breakdown process at pH values
higher than 7. In this enzymatic biosensor, urea hydrolysis by
urease, which causes an increase of pH, triggers the degra-
dation of polymer and generates an increase in capacitance,
which is followed by EIS.

Conclusion

According to IUPAC, biosensor is defined as a self-contained
integrated device which is capable of providing specific
quantitative or semi-quantitative analytical information
using a biological recognition element (biochemical recep-
tor) which is in direct spatial contact with a transducer ele-
ment. A biosensor should be clearly distinguished from a
bioanalytical system, which requires additional processing
steps, such as reagent addition. Furthermore, a biosensor
should be distinguished from a bioprobe which is either dis-
posable after one measurement, i.e., single use, or unable to
continuously monitor the analyte concentration. Impedi-
metric biosensors have been designed by immobilizing
bioreceptors such as antibodies, nucleic acids, enzymes,
lectins, cells, and bacteria at the surface of the electrode.
After binding target molecule to the electrode surface; a
shift in impedance, a change in capacitance or admittance
at the bulk of the electrode interface owing to the insulating
properties are observed. The most important step in devel-
oping biosensors is to immobilize bioreceptors on electrode
surface appropriately. In literature; covalent and affinity
immobilization, physical adsorption, entrapping biorecep-
tors in films or gels, layer-by-layer deposition, cross-linking
are used for the immobilization of receptors. Nanomateri-
als, thanks to their unique physical and chemical properties
have recently become an interest for the design of electro-
chemical impedimetric biosensors. Nanomaterials, that are
formed from metals, carbon, or polymeric species, exhibit
high sensitivity, stability, and conductivity. Electrochemi-
cal impedance spectroscopy has been widely used by many
research groups to detect DNA hybridization, antibody-an-
tigen reactions, and enzyme reactions. It is a quite sensitive
label free electrochemical technique for monitoring biorec-
ognition events at the electrode surface. Because of this it
provides low detection limit. Determination is rapid and
requires short detection time. Impedimetric biosensors are
reproducible, when the biorecognition elements are immo-
bilized on the electrode surface by using strong chemical
bonds such as SAM immobilization method. Many studies
onimpedimetric biosensors are focused on immunosensors
and aptasensors. In immunosensors, antibodies and recep-
tors are immobilized on the electrode surface. After the
formation immuno reaction between antibody and antigen
or receptor and factor, a change in impedance occurs. One
way to enhance the response of a label-free immunosen-
sor is to increase the amount of the immobilized antibody
on the electrode surface, and another way is to immobilize
antibody on an electrode surface incorporated with gold or
silver nanoparticles, carbon nanotubes, and polymers such
as chitosan and polyaniline. In impedimetric aptasensors,
hybridization between probe and target DNA, conformation

changes, or DNA damages lead to change in the imped-
ance. High specificity of binding affinity, better stability,
and larger shelf life are advantages of aptamer-based bio-
sensors. Cell-based impedimetric biosensors are useful in
external in situ analysis. Bacterial, procaryotic, and mam-
malian cells have been used to monitor the amount and
activity of microorganisms. Few studies on enzyme-based
impedimetric biosensors have been reported. These bio-
sensors act based on detection of substrate or product of an
enzyme reaction.

Declaration of interest

The authors report no declarations of interest. The authors
alone are responsible for the content and writing of the

paper.

References

Ansari AA, Kaushik A, Solanki PR, Malhotra BD. 2010. Nanostructured
zinc oxide platform for mycotoxin detection. Bioelectrochemistry.
77:75-81.

Arya SK, Kongsuphol P, Wong CC, Polla LJ, Park MK. 2014. Label
free biosensor for sensitive human influenza virus hemaggluti-
nin specific antibody detection using coiled-coil peptide modi-
fied microelectrode array based platform. Sens Actuators B. 194:
127-133.

Asav E, Sezgintiirk MK. 2014. A novel impedimetric disposable
immunosensor for rapid detection of a potential cancer biomarker.
Int ] Biol Macromol. 66:273-80.

Baccar ZM, Caballero D, Eritja R, Errachid A. 2012. Development
of an impedimetric DNA-biosensor based on layered double
hydroxide for the detection of long ssDNA sequences. Electrochim
Acta. 74:123-129.

Bacher G, Pal S, Kanungo L, Bhand S. 2012. A label-free silver
wire based impedimetric immunosensor for detection of aflatoxin
M1 in milk. Sens Actuators B. 168:223-230.

Banerjee P, Bhunia AK. 2009. Mammalian cell-based biosensors
for pathogens and toxins. Trends Biotechnol. 27:179-188.

Barreiros dos Santos M, Agusil JP, Prieto-Simén B, Sporer C,
Teixeira V, Samitier J. 2013. Highly sensitive detection of pathogen
Escherichia coli 0157:H7 by electrochemical impedance spectros-
copy. Biosens Bioelectron. 45:174-180.

Barton AC, Collyer SD, Davis F, Garifallou G, Tsekenis G, Tully E, et al.
2009. Labeless AC impedimetric antibody-based sensors with pg
ml~ ! sensitivities for point-of-care biomedical applications. Bios-
ens Bioelectron. 24:1090-1095.

Bhalla V, Sharma P, Pandey SK, Suri CR. 2012. Impedimetric label-free
immunodetection of phenylurea class of herbicides. Sens Actuators
B. 171-172:1231-1237.

Bhavsar K, Fairchild A, Alonas E, Bishop DK, La Belle JT, Sweeney J,
et al. 2009. A cytokine immunosensor for Multiple Sclerosis detec-
tion based upon label free electrochemical impedance spectros-
copy using electroplated printed circuit board electrodes. Biosens
Bioelectron. 25:506-509.

Billah MM, Hays HCW, Hodges CS, Ponnambalam S, Vohra R,
Millner PA. 2012. Mixed self-assembled monolayer (mSAM) based
impedimetric immunosensors for cardiac troponin I (cTnl) and
soluble lectin-like oxidized low-density lipoprotein receptor-1
(sLOX-1). Sens Actuators B. 173:361-366.

Bonanni A, Esplandiu M]J, Del Valle M. 2009. Impedimetric genosen-
sors employing COOH-modified carbon nanotube screen-printed
electrodes. Biosens Bioelectron. 24:2885-2891.

Bonanni S, Del Valle M. 2010. Use of nanomaterials for impedimetric
DNA sensors: a review. Anal Chim Acta. 678:7-17.

Bourigua S, Hnaien M, Bessueille F, Lagarde F, Dzyadevych S, MaarefA,
et al. 2010. Impedimetric immunosensor based on SWCNT-COOH
modified gold microelectrodes for label-free detection of deep
venous thrombosis biomarker. Biosens Bioelectron. 26:1278-1282.

Bouyahia N, Hamlaoui ML, Hnaien M, Lagarde F, Jaffrezic-Renault N.
2011. Impedance spectroscopy and conductometric biosensing for
probing catalase reaction with cyanide as ligand and inhibitor.
Bioelectrochemistry. 80:155-161.



Bryan T, Luo X, Bueno PR, Davis JJ. 2013. An optimised electrochemi-
cal biosensor for the label-free detection of C-reactive protein in
blood. Biosens Bioelectron. 39:94-98.

Caballero D, Martineza E, Bausells J, Errachida A, Samitiera J. 2012.
Impedimetric immunosensor for human serum albumin detection
on a direct aldehyde-functionalized silicon nitride surface. Anal
Chim Acta. 720:43-48.

Canbaz MC, Sezgintiirk MK. 2014. Fabrication of a highly sensitive
disposable immunosensor based on indium tin oxide substrates for
cancer biomarker detection. Anal Biochem. 446:9-18.

Canbaz M(, Simsek CS, Sezgintiirk MK. 2014. Electrochemical biosen-
sor based on self-assembled monolayersmodified with gold nano-
particles for detection of HER-3. Anal Chim Acta. 814:31-38.

Caygill RL, Hodges CS, Holmes JL, Higson SPJ, Blair GE, Millner PA.
2012. Novel impedimetric immunosensor for the detection and
quantitation of Adenovirus using reduced antibody fragments
immobilized onto a conducting copolymer surface. Biosens Bio-
electron. 32:104-110.

Chandra S, Arora K, Bahadur D. 2012. Impedimetric biosensor based
on magnetic nanoparticles for electrochemical detection of dop-
amine. Mater Sci Eng B. 177:1531-1537.

Chang H, Wu SH. 2010. Hybridization of FePt/ZnS nanocore-shell
structure with DNAs of different sequences. Mater Trans. 51:
2094-2098.

Chen C, ChangK, ChenY, Lee C, Lee BY, Lee AS. 2011. Development of
a label-free impedance biosensor for detection of antibody-antigen
interactions based on a novel conductive linker. Biosens Bioelec-
tron. 26:3072-3076.

Chen D, Shen M, CaoY, Bo B, Chen Z, ShuY, Li G. 2013a. Electrochemi-
cal identification of hepatocellular carcinoma based on the assay of
human cervical cancer oncoprotein-1 in serum. Electrochem Com-
mun. 27:38-41.

Chen'Y, Yang Y, Tu Y. 2013b. An electrochemical impedimetric immu-
nosensor for ultrasensitive determination of ketamine hydrochlo-
ride. Sens Actuators B. 183:150-156.

Cheng MS, Ho JS, Lau SH, Chow VTK, Toh C. 2013. Impedimetric
microbial sensor for real-time monitoring of phage infection of
Escherichia coli. Biosens Bioelectron. 47:340-344.

Choi A, Park J, Jung H. 2009. Solid-medium-integrated impedimetric
biosensor for real-time monitoring of microorganisms. Sens Actua-
tors B. 137:357-362.

Chowdhury AD, De A, Chaudhuri CR, Bandyopadhyay K, Sen P.
2012. Label free polyaniline based impedimetric biosensor
for detection of E. coli O157:H7 Bacteria. Sens Actuators B.
171-172:916-923.

Chuang Y, Chang Y, Liu K, Chang H, Yew T. 2011. Electrical impedi-
metric biosensors for liver function detection. Biosens Bioelectron.
28:368-372.

Chullasat K, Kanatharana P, Limbut W, Numnuam A, Thavarungkul P.
2011. Ultra trace analysis of small molecule by label-free impedi-
metric immunosensor using multilayer modified electrode. Biosens
Bioelectron. 26:4571-4578.

Ciani I, Schulze H, Corrigan DK, Henihan G, Giraud G, Terry JG, et al.
2012. Development of immunosensors for direct detection of three
wound infection biomarkers at point of care using electrochemical
impedance spectroscopy. Biosens Bioelectron. 31:413-418.

Congur G, Sayar F, Erdem A, Piskin E. 2013. Voltammetric and impedi-
metric DNA detection at single-use graphite electrodes modified
with gold nanorods. Colloids Surf B Biointerfaces. 112:61-66.

Cortina M, Esplandiu M]J, Alegret S, Del Valle M. 2006. Urea impedi-
metric biosensor based on polymer degradation onto interdigitated
electrodes. Sens Act B. 118:84-89.

Da Silva JSL, Oliveira MDL, De Melo CP, Andrade CAS. 2014. Impedi-
metric sensor of bacterial toxins based on mixed (Concanavalin A)/
Polyaniline Films. Colloids Surf B Biointerfaces. [Online]. Available
at: http://dx.doi.org/10.1016/j.colsurfb.2013.12.057. Accessed on 6
April 2014.

Derkus B, Emregul E, Yucesan C, Emregul KC. 2013. Myelin basic pro-
tein immunosensor for multiple sclerosis detection based upon
label-free electrochemical impedance spectroscopy. Biosens Bio-
electron. 46:53-60.

Dingkaya E, Kinik 0, Sezgintiirk MK, Altug G, Akkoca A. 2011. Devel-
opment of an impedimetric aflatoxin M1 biosensor based on a DNA
probe and gold nanoparticles. Biosens Bioelectron. 26:3806-3811.

Diniz FB, Ueta RR, Pedrosa AMD, Areias MD, Pereira VRA, Silva
ED, et al. 2003. Impedimetric evaluation for diagnosis of Chagas’
disease: antigen/antibody interactions on metallic electrodes. Bios-
ens Bioelectron. 19:79-84.

A review on impedimetric biosensors 259

Dong J, Zhao H, Xu M, Ma Q, Ai S. 2013. A label-free electrochemical
impedance immunosensor based on AuNPs/PAMAM-MWCNT-Chi
nanocomposite modified glassy carbon electrode for detection of
Salmonella typhimurium in milk. Food Chem. 141:1980-1986.

Drummond TG, Hill MG, Barton JK. 2003. Electrochemical DNA
sensors. Nat Biotechnol. 21:1192-1199.

DuM, Yang T, Guo X, Zhong L, Jiao K. 2013. Electrochemical synthesis
of Fe,O, on graphene matrix for indicator-free impedimetric apta-
sensing. Talanta. 105:229-234.

Elshafey R, Tavares AC, Siaj M, Zouro M. 2013a. Electrochemical
impedance immunosensor based on gold nanoparticles-protein
G for the detection of cancer marker epidermal growth factor
receptor in human plasma and brain tissue. Biosens Bioelectron.
50:143-149.

ElshafeyR, Tlili C, Abulrob A, Tavares AC, Zourob M. 2013b. Label-free
impedimetric immunosensor for ultra sensitive detection of cancer
marker Murine double minute 2 in brain tissue. Biosens Bioelec-
tron. 39:220-225.

Ensafi AA, Rezaei MAB. 2014. Assessment of genotoxicity of catecholics
using impedimetric DNA-biosensor. Biosens Bioelectron. 53:43-50.

Erdem A, Congur G. 2013. Impedimetric detection of in situ interac-
tion between anti-cancer drug bleomycin and DNA. Int J Biol Mac-
romol. 61:295-301.

Erdem A, Congur G. 2014. Dendrimer modified 8- channel screen-
printed electrochemical array system for impedimetric detection
of activated Protein C, Sens Actuators B Chem. Available at: http://
dx.doi.org/10.1016/j.snb.2014.01.103. Accessed on 12 April 2014.

Erdem A, Esin E, Muti M. 2014. Chitosan-graphene oxide based apta-
sensor for the impedimetric detection of lysozyme. Colloids Surf B
Biointerfaces. 115:205-211.

Escamilla-Gémez V, Campuzano S, Pedrero M, Pingarrén JM. 2009.
Gold screen-printed-based impedimetric immunobiosensors for
direct and sensitive Escherichia coli quantisation. Biosens Bioelec-
tron. 24:3365-3371.

FanL, Zhao G, Shi H, Liu M, Li Z. 2013. A highly selective electrochem-
ical impedance spectroscopy-based aptasensor for sensitive detec-
tion of acetamiprid. Biosens Bioelectron. 43:12-18.

Garcia-Aljaro C, Munoz-Berbel X, Muiioz FJ. 2009. On-chip impedi-
metric detection of bacteriophages in dairy samples. Biosens Bio-
electron. 24:1712-1716.

Gholivand MB, Jalalvand AR, Goicoechea HC, Skov T. 2014.
Fabrication of an ultrasensitive impedimetric buprenorphine
hydrochloride biosensor from computational and experimental
angles. Talanta. Available at: http://dx.doi.org/10.1016/j.talanta.
2014.02.017. Accessed on 15 April 2014.

Gonzalez-Fernandez E, De-los-Santos-Alvarez N, Lobo-Castainén MJ,
Miranda-Ordieres AJ, Tunén-Blanco P. 2011. Impedimetric apta-
sensor for tobramycin detection in human serum. Biosens Bioelec-
tron. 26:2354-2360.

Gupta VK, Yola ML, Qureshi MS, Solak AO, Atar N, Ustiindag Z.
2013. A novel impedimetric biosensor based on graphene oxide/
goldnanoplatform for detection of DNA arrays. Sens Actuators B.
188:1201-1211.

Hayat A, Barthelmebs L, Marty J,. 2013. Electrochemical impedimetric
immunosensor for the detection of okadaic acid in mussel sample.
Sen Act B, 171-172:810-815.

Helali S, Abdelghani A, Hafaiedh I, Martelet C, Prodromidis MI,
Albanis T, Jaffrezic-Renault N. 2008. Functionalization of niobium
electrodes for the construction of impedimetric biosensors. Mater
Sci Eng C. 28:826-830.

Helali S, Martelet C, Abdelghani A, Maaref MA, Jaffrezic-Renault N.
2006. A disposable immunomagnetic electrochemical sensor based
on functionalised magnetic beads on gold surface for the detection
of atrazine. Electrochim Acta. 51:5182-5186.

Hleli S, Martelet C, Abdelghani A, Burais N, Jaffrezic-Renault N. 2006b.
Atrazine analysis using an impedimetric immunosensor based on
mixed biotinylated self-assembled monolayer. Sens Actuators B.
113:711-717.

Hleli S, Martelet C, Abdelghani A, Bessueille F, Errachid A, Samitier J,
et al. 2006a. An immunosensor for haemoglobin based on impedi-
metric properties of a new mixed self-assembled monolayer. Mater
Sci Eng C. 26:322-327.

Hnaien M, Bourigua S, Bessueille F, Bausells ], Errachid A, Lagarde
E Jaffrezic-Renault N. 2011. Impedimetric microbial biosensor
based on single wall carbon nanotube modified microelectrodes for
trichloroethylene detection. Electrochim Acta. 56:10353-10358.

Holford TRJ, Holmes JL, Collyer SD, Davis F, Higson SPJ. 2013. Label-
free impedimetric immunosensors for psoriasin—Increased repro-



260 E.B.Bahadir & M. K. Sezgintiirk

ducibility and sensitivity using an automated dispensing system.
Biosens Bioelectron. 44:198-203.

Hou L, Cui Y, Xu M, Gao Z, Huang J, Tang D. 2013. Graphene oxide-
labeled sandwich-type impedimetric immunoassay with sensitive
enhancement based on enzymatic 4-chloro-1-naphthol oxidation.
Biosens Bioelectron. 47:149-156.

Hou L, Gao Z, Xu M, Cao X, Wu X, Chen G, Tang D. 2014. DNAzyme-
functionalized gold-palladium hybrid nanostructures for triple
signal amplification of impedimetric immunosensor. Biosens Bio-
electron. 54:365-371.

Huang J, Yang G, Meng W, Wu L, Zhu A, Jiao X. 2010. An electro-
chemical impedimetric immunosensor for label-free detection
of Campylobacter jejuni in diarrhea patients’ stool based on
O-carboxymethylchitosan surface modified Fe,O, nanoparticles.
Biosens Bioelectron. 25:1204-1211.

Tonescu RE, Gondran C, Bouffier L, Jaffrezic-Renault N, Martelet C,
Cosnier S. 2010. Label-free impedimetric immunosensor for sensi-
tive detection of atrazine. Electrochim Acta. 55:6228-6232.

Tonescu RE, Jaffrezic-Renault N, Bouffier L, Gondran C, Cosnier S,
Pinacho DG, et al. 2007. Impedimetric immunosensor for the
specific label free detection of ciprofloxacin antibiotic. Biosens
Bioelectron. 23:549-555.

Jacobs M, Muthukumar S, Selvam AP, Craven JE, Prasad S. 2014.
Ultra-sensitive electrical immunoassay biosensors using nano-
textured zinc oxidethin films on printed circuit board platforms.
Biosens Bioelectron. 55:7-13.

Jarocka U, Sawicka R, Géra-Sochacka A, Sirko A, Zagdrski-Ostoja W,
Radecki J, Radeck H. 2014. Electrochemical immunosensor for
detection of antibodies against influenza A viriis H5N1 in hen
serum. Biosens Bioelectron. 55:301-306.

Jin W, Yang G, Wu L, Wang Q, Shao H, Qin A, et al. 2011. Detecting
5-morpholino-3-amino-2-oxazolidone residue in food with label-
free electrochemical impedimetric immunosensor. Food Control.
22:1609-1616.

Jin W, Yang G, Shao H, Qin A. 2013. A novel label-free impedimetric
immunosensor for detection of semicarbazide residue based on
gold nanoparticles-functional chitosan composite membrane. Sens
Actuators B. 188:271-279.

Joung C, Kim H, Ima H, Kim H, Oh M, Kim Y. 2012. Ultra-sensitive
detection of pathogenic microorganism using surface-engineered
impedimetric immunosensor. Sens Actuators B. 161:824-831.

Joung C, Kim H, Lim M, Jeon T, Kim H, Kim Y. 2013. A nanoporous
membrane-based impedimetric immunosensor for label-free
detection of pathogenic bacteria in whole milk. Biosens Bioelec-
tron. 44:210-215.

Khan R, Dhayal M. 2008. Nanocrystalline bioactive TiO2-chitosan
impedimetric immunosensor for ochratoxin-A. Electrochem Com-
mun. 10:492-495.

Khan R, Dhayal M. 2009. Chitosan/polyaniline hybrid conducting bio-
polymer base impedimetric immunosensor to detect Ochratoxin-A.
Biosens Bioelectron. 24:1700-1705.

Khezrian S, Salimi A, Teymourian H, Hallaj R. 2013. Label-free electro-
chemical IgE aptasensor based on covalent attachment of aptamer
onto multiwalled carbon nanotubes/ionic liquid/chitosan nano-
composite modified electrode. Biosens Bioelectron. 43:218-225.

Kim BK, Li J, Im J, Ahn K, Park TS, Cho S], et al. 2012. Impedometric
estrogen biosensor based on estrogen receptor alpha-immobilized
gold electrode. ] Electroanal Chem. 671:106-111.

Kim Y, Park J, Jung H. 2009. An impedimetric biosensor for real-time
monitoring of bacterial growth in a microbial fermentor. Sens Actu-
ators B. 138:270-277.

La Belle JT, Bhavsar K, Fairchild A, Das A, Sweeney J, Alford TL, et al.
2007. A cytokine immunosensor for Multiple Sclerosis detection
based upon label free electrochemical impedance spectroscopy.
Biosens Bioelectron. 23:428-431.

LaiW, Lin C, Yang Y, Lu MSC. 2012. Ultrasensitive and label-free detec-
tion of pathogenic avian influenza DNA by using CMOS impedime-
tric sensors. Biosens Bioelectron. 35:456-460.

Lee ], Cho S, Lee ], Ryu H, Park J, Lim S, Oh B, et al. 2013. Wafer-scale
nanowell array patterning based electrochemical impedimetric
immunosensor. ] Biotechnol. 168:584-588.

Lucarelli F Marrazza G, Mascini M. 2005. Enzyme-based impedimetric
detection of PCR products using oligonucleotide-modified screen-
printed gold electrodes. Biosens Bioelectron. 20:2001-2009.

Maalouf R, Chebib H, Saikali Y, Vittori O, Sigaud M, Jaffrezic-Renault
N. 2007. Amperometric and impedimetric characterization of a glu-
tamate biosensor based on Nafion® and a methyl viologen modified
glassy carbon electrode. Biosens Bioelectron. 22:2682-2688.

Mantzila AG, Prodromidis MI. 2006. Development and study of anodic
Ti/TiO2 electrodes and their potential use as impedimetric immu-
nosensors. Electrochim Acta. 51:3537-3542.

Mantzila AG, Strongylis C, Tsikaris V, Prodromidis MI. 2007. Assess-
ment of the interaction between a synthetic epitope of troponin C
and its specific antibody using a label-free faradaic impedimetric
immunosensor and o-Keggin silicotungstic heteropolyacid as a
redox probe. Biosens Bioelectron. 23:362-369.

Mese E Congur G, Erdem A. 2014. Voltammetric and impedimet-
ric detection of DNA hybridization by using dendrimer modified
graphite electrodes. ] Electroanal Chem. Available at: http://dx.doi.
org/10.1016/j.jelechem.2014.02.007. Accessed on 1 April 2014.

Mondal S, Sangaranarayanan MV. 2013. A novel non-enzymatic sensor
for urea using a polypyrrole-coated platinum electrode. Sens Actua-
tors B. 177:478-486.

Montrose A, Cargou S, Nepveu F Manczak R, Gué A, Reybier K.
2013. Impedimetric immunosensor for the detection of circulating
pro-inflammatory monocytes as infection markers. Biosens Bio-
electron. 49:305-311.

Munoz-Berbel X, Vigués N, Jenkins AT, Mas J, Mufoz FJ. 2008. Impedi-
metric approach for quantifying low bacteria concentrations based
on the changes produced in the electrode-solution interface during
the pre-attachment stage. Biosens Bioelectron. 23:1540-1546.

Myler S, Collyer SD, Davis F, Gornall DD, Higson SPJ. 2005. Sonochem-
ically fabricated microelectrode arrays for biosensors Part III. AC
impedimetric study of aerobic and anaerobic response of alcohol
oxidase within polyaniline. Biosens Bioelectron. 21:666-671.

Nascimento HPO, Oliveira MDL, De Melo CP, Silva GJL, Cordeiro MT,
Andrade CAS. 2011. An impedimetric biosensor for detection
of dengue serotype at picomolar concentration based on gold
nanoparticles-polyaniline hybrid composites. Colloids Surf B
Biointerfaces. 86:414-419.

Ocana C, Arcay E, Del Valle M. 2014. Label-free impedimetric
aptasensor based on epoxy-graphite electrode for the recognition
of cytochrome c. Sens Actuators B. 191:860-865.

Ocana C, Valle M. 2014. Signal amplification for thrombin impedime-
tric aptasensor: Sandwich protocol and use of gold-streptavidin
nanoparticles. Biosens Bioelectron. 54:408-414.

Oliveira MD, Abdalla DS, Guilherme DF, Faulin TE, Andrade CA.
2011a. Impedimetric immunosensor for electronegative low den-
sity lipoprotein (LDL—) based on monoclonal antibody adsorbed
on (polyvinyl formal)-gold nanoparticles matrix. Sens Actuators B.
155:775-781.

Oliveira MD, Andrade CA, Correia MT, Coelho LC, Singh PR,
Zeng X. 2011b. Impedimetric biosensor based on self-assembled
hybrid cystein-gold nanoparticles and CramoLL lectin for bacte-
rial lipopolysaccharide recognition. J Colloid Interface Sci. 362:
194-201.

Pacios M, Yilmaz N, Martin-Fernandez I, Villa R, Godignon P,
Del Valle M, et al. 2012. A simple approach for DNA detection
on carbon nanotube microelectrode arrays. Sens Actuators B.
162:120-127.

Panagopoulou MA, Stergiou DV, Roussis IG, Panayotou G,
Prodromidis MI. 2012. Kappa-casein based electrochemical and
surface plasmon resonance biosensors for the assessment of the
clotting activity of rennet. Anal Chim Acta. 712:132-137.

Patel MK, Ali MA, Srivastava S, Agrawal VV, Ansari SG, Malhotra BD.
2013. Magnesium oxide grafted carbon nanotubes based impedi-
metric genosensor for biomedical application. Biosens Bioelectron.
50:406-413.

Pethig R, Kell DB. 1997. The passive electrical properties of biological
systems: their significance in physiology, biophysics and biotech-
nology. Phys Med Biol. 32:933-970.

Plesu N, Kellenberger A, Taranu I, Taranu BO, Popa I. 2013.
Impedimetric detection of dopamine on poly(3-aminophenylbo-
ronic acid) modified skeleton nickel electrodes. React Funct Polym.
73:772-778.

Pournaras AV, Koraki T, Prodromidis M. 2008. Development of an
impedimetric immunosensor based on electropolymerized poly-
tyramine films for the direct detection of Salmonella typhimurium
in pure cultures of type strains and inoculated real samples. Anal
Chim Acta. 624:301-307.

Pradhan R, Mandal M, Mitra A, Das S. 2014. Monitoring cellular activi-
ties of cancer cells using impedancesensing devices. Sens Actuators
B. 193:478-483.

Pui TZ, Kongsuphol P, Arya SK, Bansal T. 2013. Detection of tumor
necrosis factor (TNF-) in cell culture medium with label free electro-
chemical impedance spectroscopy. Sens Actuators B. 181:494-500.



QiH, ShangguanL, LiC, LiX, Gao Q, Zhang C. 2013a. Sensitive and anti-
fouling impedimetric aptasensor for the determination of thrombin
in undiluted serum sample. Biosens Bioelectron. 39:324-328.

Qi P, Wan Y, Zhang D. 2013b. Impedimetric biosensor based on
cell-mediated bioimprinted films for bacterial detection. Biosens
Bioelectron. 39:282-288.

Queirés RB, De-los-Santos-Alvarez N, Noronha JP, Sales MGF. 2013.
A label-free DNA aptamer-based impedance biosensor for the
detection of E. Coli outer membrane proteins. Sens Actuators B.
181:766-772.

Radi A, Munoz-Berbel X, Lates V, Marty J. 2009. Label-free impedime-
tric immunosensor for sensitive detection of ochratoxin A. Biosens
Bioelectron. 24:1888-1892.

Rahman MA, Shiddiky MJ, Park J, Shim Y. 2007. An impedimetric
immunosensor for the label-free detection of bisphenol A. Biosens
Bioelectron. 22:2464-2470.

Reddy KK, Gobi KV. 2014. Artificial molecular recognition material
based biosensor for creatinine by electrochemical impedance anal-
ysis. Sens Actuators B. 183:356-363.

Regan EM, Hallett A], Wong LCC, Saeed IQ, Langdon-Jones EE, Buurma
NJ, Pope SJA, Estrela P. 2013. A novel cobalt complex for enhancing
amperometric and impedimetric DNA detection. Electrochim Acta.
128:10-15.

Rezaei B, Askarpour N, Ensafi AA. 2014. A novel sensitive doxorubi-
cin impedimetric immunosensor based on a specific monoclonal
antibody-gold nanoaprticle-sol-gel modified electrode. Talanta.
119:164-169.

Rezaei B, Havakeshian E, Ensafi AA. 2013. Stainless steel modified with
an aminosilane layer and gold nanoparticles as a novel disposable
substrate for impedimetric immunosensors. Biosens Bioelectron.
48:61-66.

Rezaei B, Majidi N, Rahmani H, Khayamian T. 2011. Electrochemi-
cal impedimetric immunosensor for insulin like growth factor-1
using specific monoclonal antibody-nanogold modified electrode.
Biosens Bioelectron. 26:2130-2134.

Rodriguez A, Valera E, Ramén-Azcén J, Sanchez F-J, Marco M-P,
Castafier LM. 2008. Single frequency impedimetric immunosensor
for atrazine detection. Sens Actuators B. 129:921-928.

Rodriguez MLL, Madrid RE, Giacomelli CE. 2014. The optimization of
the culture medium to design Streptomyces sp.M7 based impedi-
metric biosensors. Sens Actuators B. 193:230-237.

Rohrbach F, Karadeniz H, Erdem A, Famulok M, Mayer G. 2012. Label-
free impedimetric aptasensor for lysozyme detection based on car-
bon nanotube-modified screen-printed electrodes. Anal Biochem.
421:454-459.

Rushworth JV, Ahmed A, Griffiths HH, Pollock NM, Hooper NM,
Millner PA. 2013. A label-free electrical impedimetric biosensor
for the specific detection of Alzheimer’s amyloid-beta oligom-
ers. Biosens Bioelectron. Available at: http://dx.doi.org/10.1016/
j-bios.2013.12.036. Accessed on 15 June 2014.

Sassolas A, Blum L], Leca-Bouvier BD. 2011. Immobilization strategies
to develop enzymatic biosensors. Biotechnol Adv. 30:489-511.

Seven B, Bourourou M, Elouarzaki K, Constant JF, Gondran C, Holz-
inger M, et al. 2013. Impedimetric biosensor for cancer cell detec-
tion. Electrochem Commun. 37:36-39.

Sezgintiirk MK, Uygun ZO. 2012. An impedimetric vascular endothe-
lial growth factor biosensor-based PAMAM/cysteamine-modified
gold electrode for monitoring of tumor growth. Anal Biochem.
423:277-285.

Shamsipur M, Asgari M, Maragheh MG, Moosavi-Movahedi AA. 2012.
A novel impedimetric nanobiosensor for low level determination
of hydrogen peroxide based on biocatalysis of catalase. Bioelectro-
chemistry. 83:31-37.

Shamsipur M, Kazemi SH, Mousavi MF. 2008. Impedance studies of
a nano-structured conducting polymer and its application to the
design of reliable scaffolds for impedimetric biosensors. Biosens
Bioelectron. 24:104-110.

Sheng Q, Liu R, Zhang S, Zheng J. 2014. Ultrasensitive electrochemical
cocaine biosensor based on reversible DNA nanostructure. Biosens
Bioelectron. 51:191-194.

Shervedani RK, Mehrjardi AH, Zamiri N. 2006. A novel method
for glucose determination based on electrochemical impedance
spectroscopy using glucose oxidase self-assembled biosensor. Bio-
electrochemistry. 69:201-208.

Silva ML, Gutiérrez E, Rodriguez JA, Gomes C, David L. 2014.
Construction and validation of a Sambucus nigra biosensor for
cancer-associated STn antigen. Biosens Bioelectron. 57:254-261.
doi: 10.1016/j.bios.2014.02.006. Epub 2014 Feb 15.

A review on impedimetric biosensors 261

Slaughter GE, Hobson R. 2009. An impedimetric biosensor based on
PC 12 cells for the monitoring of exogenous agents. Biosens Bioelec-
tron. 24:1153-1158.

Sonu¢ MN, Sezgintiirk MK. 2014. Ultrasensitive electrochemical
detection of cancer associated biomarker HER3 based on anti-HER3
biosensor. Talanta. 120:355-361.

Sun W, Zhong J, Zhang B, Jiao K. 2007. Application of cadmium sul-
fide nanoparticles as oligonucleotide labels for the electrochemical
detection of NOS terminator gene sequences, Anal Bioanal Chem.
389:2179-2184.

Tang D, Yuan R, Chai Y, Dai J, Zhong X, Liu Y. 2004. A novel immu-
nosensor based on immobilization of hepatitis B surface antibody
on platinum electrode modified colloidal gold and polyvinyl butyral
as matrices via electrochemical impedance spectroscopy. Bioelec-
trochemistry. 65:15-22.

Thavarungkul P, Dawan S, Kanatharana P, Asawatreratanakul P. 2007.
Detecting penicillin G in milk with impedimetric label-free immu-
nosensor. Biosens Bioelectron. 23:688-694.

Tran DT, Vermeeren V, Grieten L, Wenmackers S, Wagner P, Pollet J,
et al. 2011. Nanocrystalline diamond impedimetric aptasensor
for the label-free detection of human IgE. Biosens Bioelectron.
26:2987-2993.

Truong LTN, Chikae M, Ukita Y, Takamura Y. 2011. Labelless imped-
ance immunosensor based on polypyrrole-pyrolecarboxylic acid
copolymer for hCG detection. Talanta. 85:2576-2580.

Valero T, Jacobs T, Moschopoulou G, Naumann M, Hauptmann P,
Kintzios S. 2009. Electrical impedance analysis of N2a neuroblas-
toma cells in gel matrices after ACh-receptor triggering with an
impedimetric biosensor. Proc Chem. 1:734-737.

Vermeeren V, Grieten L, Bon VN, Bijnens N, Wenmackers S,
Janssens SD, et al. 2011. Impedimetric, diamond-based immmu-
nosensor for the detection of C-reactive protein. Sens Actuators B.
157:130-138.

Vig A, Radoi A, Munoz-Berbel X, Gyemant G, Marty J. 2009.
Impedimetric aflatoxin M1 immunosensor based on colloidal
gold and silver electrodeposition. Sens Actuators B. 138:214-220.

Wan Y, Lina Z, Zhang D, Wang Y, Hou B. 2011. Impedimetric
immunosensor doped with reduced graphene sheets fabricated
by controllable electrodeposition for the non-labelled detection of
bacteria. Biosens Bioelectron. 26:1959-1964.

Wan Y, Zhang D, Wang Y, Hou B. 2010. A 3D-impedimetric
immunosensor based on foam Ni for detection of sulfate-reducing
bacteria. Electrochem Commun. 12:288-291.

Wang C, Yuan X, Liu X, Gao X, Qi H, Zhang C. 2013c. Signal-on impedi-
metric electrochemical DNA sensor using dithiothreitol modified
gold nanoparticle tag for highly sensitive DNA detection. Anal Chi-
mActa. 799:36-43.

Wang J. 2006. Analytical Electrochemistry Hoboken, New Jersey:
John Wiley & Sons, Inc.

Wang M, Kang H, Xu D, Wang C, Liu S, Hu X. 2013a. Label-free impedi-
metric immunosensor for sensitive detection of fenvalerate in tea.
Food Chem. 141:84-90.

Wang W, Yuan X, Zhang W, Gao Q, Qi H, Zhang C. 2012. Cascade sig-
nal amplification for ultra-sensitive impedimetric detection of DNA
hybridization using a hairpin DNA as probe. Electrochim Acta.
78:377-383.

Wang Y, Ping J, Ye Z, Wu J, Ying Y. 2013b. Impedimetric immunosen-
sor based on gold nanoparticles modified graphene paper for label-
free detection of Escherichia coli O157:H7. Biosens Bioelectron.
49:492-498.

Wasowicz M, Viswanathan S, Dvornyk A, Grzelak K, Kludkiewicz B,
Radecka H. 2008. Comparison of electrochemical immunosen-
sors based on gold nano materials and immunoblot techniques for
detection of histidine-tagged proteins in culture medium. Biosens
Bioelectron. 24:284-289.

Wun C, Yang D. 2013. A label-free impedimetric DNA sensing chip
integrated with AC electroosmotic stirring. Biosens Bioelectron.
43:348-354.

Xi E Gao ], Wang J, Wang Z. 2011. Discrimination and detection of
bacteria with a label-free impedimetric biosensor based on self-
assembled lectin monolayer. ] Electroanal Chem. 656:252-257.

Xu H, Gorgy K, Gondran C, Goff AL, Spinelli N, Lopez C, et al. 2013a.
Label-free impedimetric thrombin sensor based on poly(pyrrole-
nitrilotriaceticacid)-aptamer film. Biosens Bioelectron. 41:90-95.

Xu M, Luo X, Davis JJ. 2013b. The label free picomolar detection of
insulin in blood serum. Biosens Bioelectron. 39:21-25.

Yang E Han J, Zhuo Y, Yang Z, Chai Y, Yuan R. 2013a. Highly sensi-
tive impedimetric immunosensor based on single walled carbon



262 E.B.Bahadir & M. K. Sezgintiirk

nanohorns as labels and bioenzyme biocatalyzed precipitation as
enhancer for cancer biomarker detection. Biosens Bioelectron.
Available at: http://dx. doi.org/10.1016/j.bios.2013.12.040

Yang L, Bashir R. 2008. Electrical/electrochemical impedance for
rapid detection of foodborne pathogenic bacteria. Biotechnol Adv.
26:135-150.

Yang T, Li Q, Li X, Wang X, Du M, Jiao K. 2013b. Freely switch-
able impedimetric detection of target gene sequence based on
synergistic effect of ERGNO/PANI nanocomposites. Biosens Bio-
electron. 42:415-418.

Yang T, Wang S, Jin H, Baoa W, Huang S, Wang J. 2013c. An electro-
chemical impedance sensor for the label-free ultrasensitive detec-
tion of interleukin-6 antigen. Sens Actuators B. 178:310-315.

Yang YH, Wang ZJ, Yang MH, Li JS, Zheng F, Shen GL, Yu RQ. 2007.
Electrical detection of deoxyribonucleic acid hybridization based
on carbon-nanotubes/nano zirconium dioxide/chitosan-modified
electrodes. Anal Chim Acta. 584:268-274.

Yuan X, Song C, Wang H, Zhang J. 2010. Electrochemical Impedance
Spectroscopy in PEM Fuel Cells Fundamentals and Applications.
London: Springer-Verlag.

Yumak T, Kuralay F, Muti M, Sinag A, Erdem A, Abaci S. 2011. Prepa-
ration and characterization of zinc oxide nanoparticles and their
sensor applications for electrochemical monitoring of nucleic acid
hybridization. Colloid Surface B, 86:397-403.

Zhang W, Zong P, Zheng X, Wang L. 2013a. An enhanced sensing
platform for ultra sensitive impedimetric detection of target genes
based on ordered FePt nanoparticles decorated carbon nanotubes.
Biosens Bioelectron. 42:481-485.

Zhang W. 2013. High-performance impedimetric genosensor based
on biocompatible TiO2 nanoparticles supported carbon ionic liquid
electrode. Sens Actuators B. 176:386-389.

Zhang XY, Zhou LY, Luo HQ, Li NB. 2013b. A sensitive and label-free
impedimetric biosensor based on an adjunct probe. Anal Chim
Acta. 776:11-16.

Zhang Z, Yang W, Wang ], Yang C, Yang F, Yang X. 2009. A sensitive
impedimetric thrombin aptasensor based on polyamidoamine
dendrimer. Talanta. 78:1240-1245.

Zhou J, Du L, Zou L, Zou Y, Hu N, Wang P. 2014. An ultrasensitive
electrochemical immunosensor for carcinoembryonic antigen
detection based on staphylococcal protein A - Au nanoparticle
modified gold electrode. Sens Actuators B Chem. Available
at: http://dx.doi.org/10.1016/j.snb.2014.02.009. Accessed on
5 July 2014

Zhu N, Gao H, Xu Q, Lin Y, Su L, Mao L. 2010. Sensitive impedime-
tric DNA biosensor with poly(amidoamine) dendrimer covalently
attached onto carbon nanotube electronic transducers as the
tether for surface confinement of probe DNA. Biosens Bioelectron.
25:1498-1503.





