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a b s t r a c t

The development of a new impedimetric biosensor for the detection of HER3, based on self-assembled
monolayers (SAMs) of 4-aminothiophenol on gold electrodes, is reported. Anti-HER3 was used as a
biorecognition element for the first time in an impedimetric biosensor. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) techniques were applied to characterize the immobiliza-
tion process and to detect HER3. To provide the best biosensor response all experimental parameters
were optimized. In addition, Kramers–Kronigs transform was also performed on the immobilization and
measurement processes successfully. The biosensor had a linear detection range of 0.4–2.4 pg/mL. The
chrono-impedance technique to real time monitor the interaction between HER3 and anti-HER3 is also
implemented. The biosensor has exhibited good repeatability and reproducibility. To demonstrate the
feasibility of the biosensor in practical analysis, the artificial serum samples were experienced.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The human epidermal growth factor receptor family (HER)
consists of four homologous members: EGFR (epidermal growth
factor receptor, HER-1 or c-erbB-1), HER-2 for which no ligand has
been described by now, HER3, and (HER-4). [1] These transmem-
brane glycoproteins have an extracellular ligand binding domain, a
transmembrane region, and an intracellular domain with tyrosine
kinase activity [2] though HER3 has little or no tyrosine kinase
activity and this is the most distinct difference between it and the
other family members [3]. As etiological members of HER family
have been related to the progression of some type of human
cancers through overexpression or mutational activation, includ-
ing cancers of the breast, lung, head and neck, brain, and skin
[4–6]. HER3 has been shown to be highly expressed in melanomas
[6–8], some prostate cancers [9], colorectal cancers [10–14], breast
cancers [15–17], ovarian tumors [18], and notably childhood
glioma [6,19]. Moreover recent evidence indicated that HER3
responsible for tumor resistance to therapeutic agents targeting
EGFR or HER-2 has illuminated its critical role in cancer [20].
Therefore there are interests which have recently been occured
by the possibility of utilizing the HER3 as prognostic indicators
in some type of carcinomas. Normal physiological levels of HER3
in a person range from 0.06 ng/mL to 2.55 ng/mL. However,

in a pathological case, the abnormal values of HER3 should be
increased up to 12 ng/mL [21]. Characterizations of HER3 were
carried out by immunohistochemistry [2,22], Southern blot [23],
enzyme linked immuno assay (ELISA) [24,25], Northern blot [26]
for detection of expressed HER3 in blood or tissues. Recently, an
electrochemical strategy based on aptamers and nanoprobes was
developed for the rapid detection of HER-3 [27]. In the reported
study a nanoprobe consisting of aptamers and DNA capped
nanocrystals has been designed for the electrochemical detection
of HER3.

Affinity-binding based impedimetric biosensors become an
efficient method since they are speed, direct and label-free
electrochemical immunosensors [28] and due to their affordability
and availability, a trend towards the development of impedimetric
biosensors appears to be underway. The application of immuno-
sensors for the detection of a wide range of analytes in clinical
diagnostics and environmental control is well established. The
improvement of hand held devices for point of care detection hold
promising and attractive alternatives to existing laboratory-based
immunochemical assays [29].

Aim of this study is development of a new impedimetric
biosensor, based on the use of anti-HER3 for the determination
of HER3 by forming a self-assembled monolayer on gold electro-
des. anti-HER3 immobilization steps and measurements were
evaluated by cylic voltammetry and electrochemical impedance
spectroscopy. In order to investigate interaction betwwen HER3
and anti-HER3 immobilized onto gold surface, a novel impedi-
metric method called single frequency impedance measurement is
also presented.
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2. Materials and methods

2.1. Materials

All reagents were obtained from Sigma-Aldrich (St. Louis, MO,
USA). HER3, (human epidermal growth factor receptor family-3)
and anti- HER3 were also purchased from Sigma-Aldrich. HER3,
anti-HER3, and 0.1% BSA (bovine serum albumin) were prepared in
50 mM, pH 7, phosphate buffer and further dilutions were made
using sterile phosphate buffer (pH 7.0, 0.01 M) as well. HER3 and
anti-HER3 portions were prepared at certain concentrations and
were stored at �20 1C until use. Synthetic serum solution was
prepared by using 4.5 mM KCl, 5 mM CaCl2, 1.6 mM MgCl2,
4.7 mM (Dþ)-glucose, 2.5 mM urea, 0.1% human serum albumin,
and 145 mM NaCl. A redox probe solution was prepared in 50 mM,
pH 7.0, phosphate buffer which contained 0.1 M KCl, 5 mM
Fe CNð Þ4�6 and 5 mM Fe CNð Þ3�6 .

Gold working electrodes (1.6 mm2 surface area), Ag/AgCl refer-
ence electrode, and Pt counter electrode were obtained from BASi
(Warwickshire, UK). Electrochemical experiments were carried out
by using a Compactstat with integrated impedance analyzer
(Ivium Technologies, Eindhoven, The Netherlands) and Gamry
Potentiostate/Galvanostate, Reference 600 (Gamry Instruments,
Warminster, USA) interfaced with a PC. All electrochemical experi-
ments were carried out in a Faraday cage (from iBAS, Warwick-
shire, UK) to block out external static electric fields.

3. Methods

3.1. Preparation of the self-assembled monolayer of
4-aminothiophenol

Before the use the gold electrodes were first polished with
0.05 mm alumina powder and then washed with ultrapure water.
Following that, the electrodes were ultrasonically washed in
absolute ethanol for 2 min to remove alumina residues. Then the
electrodes were immersed in Piranha (H2O2/H2SO4, 30/70, v/v)
solution for 3 min. Following that the electrodes were washed
with ultra pure water. For the next step, the surfaces of the
electrodes were dried by a pure argon stream. This polishing and
cleaning procedure was repeated before every electrode prepara-
tion step. The clean gold electrodes were immediately immersed
into 4-aminothiophenol solution (0.1 M, in pure ethanol) for 16 h.
After this period, they were rinsed with ethanol and gently dried
with an argon stream.

3.2. Anti-HER3 immobilization procedure on SAM of 4-ATP

For anti-HER3 immobilization, the electrodes modified with
4-ATP (Au/4-ATP) were immersed into 2.5% glutaraldehyde solu-
tion for 15 min in a dark surrounding to activate the amino ends of
the 4-aminothiophenol. Later, the gold electrodes were washed
with ultra-pure water gently, and were then dried by a pure argon
stream again. Then 10 ml of anti-HER3 portion was applied to the
active electrodes surface by a pipette. The electrodes were allowed
to incubate for an hour in moisture and dark medium. After that
electrodes were washed and dried as noted above. Finally 10 ml
BSA solution (0.1%) was dropped onto the electrodes to block the
active ends on the surface. The bare electrodes and the modified
electrodes were indicated as Au, Au/4ATP, Au/4ATP/anti-HER3, and
Au/4ATP/anti-HER3/BSA.

3.3. Measurement procedure

Cyclic voltammetry was used to characterize the layer-by-layer
formation of the biosensors. The potential was varied between
0 and 500 mV (step size, 20 mV; scan rate, 50 mV/s) in the
presence of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1/1) solution, which
served as a redox probe containing 0.1 M KCl. For electrochemical
impedance studies, an alternating wave with 10 mV of amplitude
was applied to the electrode over the formal potential of the redox
couple (0.18 V). The redox couple used for impedance studies was
the same as that used in cyclic voltammetry. Impedance spectra
were collected in the frequency range between 10000 and 0.05 Hz.

After each of the anti-HER3 biosensors was assembled, the
biosensor surface was used to interact with the HER3 solution. The
standard solution of HER3 was injected over the biosensor surface
by a micropipette. For each time measurement, the injection
volume was 5 mL. The response value was read after one hour
incubation in a moisture and dark medium. After this incubation
period, the biosensor was gently immersed into the ultrapure
water 20 times to remove physically adsorbed HER3 molecules.
Finally, the biosensor was again put into the cell containing the
Fe CNð Þ4�=3�

6 redox probe solution and the electrochemical mea-
surements were carried out as described previously.

4. Results and discussion

4.1. Anti-HER3 immobilization by SAM of 4-aminothiophenol

The use of SAMs has shown to provide molecular level control
over the immobilization of several types of biomolecules [30].

Formation of organized monolayers of alkanethiols on gold
surfaces was first discovered by Nuzzo and Allara [31]. Since then
SAMs have been widely used in many different applications for
surface modifications. SAMs can also be integrated with several
molecular and cellular processes such as protein interactions
[32,33]. Moreover they have been used for constructing molecular
switching [34,35], biosensors [36–38] and micro/macrroarrays
[39,40]. In fact the success of SAMs in several technological fields
is caused by important advantages of gold itself. For example; gold
is an inert metal, consequently oxidation could not easily occured
on gold surfaces. Moreover the gold–sulfur interaction is a strong
and a specific chemical process that allows the formation of self-
assembled monolayers carrying other functional groups. Most
importantly preparation of SAMs is a quite simple process which
does not require sophisticated and high-priced equipment or
extensive experience to be performed successfully.

This is the first biosensor system for determination of HER3 by
SAMs modified gold electrode and using anti-HER3 as a biorecog-
nition component. The changes occured on the surfaces of mod-
ified gold electrodes by formation of SAM and anti-HER3
immobization were investigated using CV and EIS. In the experi-
ments, the redox couple Fe CNð Þ3�=4�

6 was preferred for use as an
electrochemical probe because Fe CNð Þ3�=4�

6 was more sensitive to
surface modifications, such as binding of HER3 to its antibody.
Electrochemical impedance spectra were significantly affected by
modifications on the electrode surface. Electrochemical impe-
dance spectroscopy consists resistive and capacitive elements
besides Warburg element and is a powerful method for analyzing
the complex electrical resistance of a system. EIS is also sensitive
to surface characteristic and changes of bulk properties, moreover
it is especially well-suited to the detection of binding events on
the transducer surface in biosensor fields, therefore it is a valuable
and progressive technique [41].

A well-defined characteristic voltammogram of the redox
couple could be observed on the bare gold electrode (Fig. 1A).
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Firstly, thiol group in 4-ATP allowed the assembly on Au electrode
through sulfur–Au interaction. It was obvious that the anodic and
cathodic peak currents did not considerably change after self-
assembly organization of 4-ATP on the gold electrode surface.
Probably the self-assembled monolayer of 4-ATP resulted in a
slight increase in electron transfer due to its positively charged
amino ends which could attract the negatively charged redox
probe. Moreover, benzene ring of 4-ATP should presumably reduce
the molecular flexibility of the monolayer. Besides this benzene
ring provides higher electrical conductivity due to possessing high
density of delocalized electrons in its structure.

As known 4-ATP is a conjugated molecule which is a system of
connected p-orbitals with delocalized electrons in compounds with
alternating single and multiple bonds, which in general may lower the
overall energy of the molecule and increase stability. Consequently
4-ATP should promote electron transfer through the electrode surface.

Then the next step was the glutaraldehyde activation of
terminal –NH2 groups of 4-ATP SAMs, then immobilization of
anti-HER3 the peak current decreased considerably compared to
that obtained at an Au/4-ATP.

The impedance changes of the modified gold electrode are
shown in Fig. 1B. The complex impedance is displayed as the sum
of the real and imaginary components (Zre and Zim). As can be
seen from Fig. 1B, after the 4-ATP monolayer was self-assembled
on the electrode, the interfacial electron transfer resistance, Rct,
was almost the same as that of the bare gold electrode. When the
4-ATP modified electrode was further modified with the glutar-
aldehyde which was a crosslinker agent, and after anti-HER3
molecules were attached to the modified electrode, the charge
transfer resistance was significantly increased in comparison with
the previously modified electrode surfaces. This increase showed
the successful immobilization of anti-HER3 on the gold electrode
modified with 4-aminothiophenol. In the last step of immobiliza-
tion of anti-HER3, the electrode surface was modified with bovine
serum albumin to block free active ends. As expected, this caused a
further increase in Rct. The results obtained for the immobilization
steps showed agreement between cyclic voltammograms and
electrochemical impedance spectra. It can be concluded that there
was a good linear relationship between semicircle diameters and
electrode layers which indicated successively construction of the
biosensor. A schematic representation is given in Scheme 1.

4.2. Optimization experiments of anti-HER3 biosensor

The fabrication steps of the anti-HER3 based biosensor were
examined in terms of the concentration of 4-ATP for SAM forma-
tion, glutaraldehyde percentage for crosslinking, and anti-HER3
and HER3 incubation periods for effective binding processes.

Firstly, the self-assembled monolayers (SAMs) of 4-amino-
thiophenol on gold electrode surface provided a good substrate
for attachment of anti-HER3 easily. The experiments showed that
the response of the biosensor would be influenced by the
concentrations of 4-ATP. In order to clarify the effect of 4-ATP
concentration on the biosensor performance, 4-ATP solutions with
different concentrations such as 5, 10, 50 and 100 mM were
utilized for biosensor fabrication. The results showed that the
performance of anti-HER3 immobilization was affected by con-
centration of 4-ATP. Rct values were determined as 429.9, 693.1,
436.8, 188 Ω. It can be seen from EIS results, SAM of 100 mM 4-ATP
has showed minimum blocking effect as expected from 4-ATP.
Consequently, 100 mM was chosen for further studies.

Fig. 1. (A) Cyclic voltammograms of anti-HER3 immobilization by covalent attach-
ment (B) Electrochemical impedance spectra of anti-HER3 immobilization steps
[-▲-▲-:Au/bare, -■-■-: Au/4-ATP, -♦-♦-: Au/4-ATP/anti HER3, -�-�-:Au/4-ATP/anti
HER3/BSA].

Scheme 1. Representation of immobilization steps of anti-HER3 onto Au electrode.
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The behavior of the biosensor was studied against different
glutaraldehyde concentrations 0.5%, 1.0%, 2.5%, 3.5%, and 5.0%. Rct
values were determined as 6990, 11200, 22700, 20800, 32700 Ω,
respectively. The highest Rct value was obtained with the biosensor
constructed by glutaraldehyde 5%. However as an optimum
glutaraldehyde concentration 2.5% was chosen for further studies.
This is why high glutaraldehyde concentrations should probably
cause to denature anti-HER3.

The next step in the optimization studies was concentration of
anti-HER3 needed for effectively binding of HER3. For this pur-
pose, 0.02 mg ml�1, 0.2 mg ml�1, 5 mg ml�1, 10 mg ml�1, 15 mg ml�1,
and 20 mg ml�1 anti-HER3 concentrations were used for the con-
struction of corresponding biosensors. The experiment results
showed that the biosensor performance was strictly dependent
on the concentration of anti-HER3 used in the immobilization. Rct
values for different anti-HER3 amounts (0.02 mg ml�1, 0.2 mg ml�1,
5 mg ml�1, and 10 mg ml�1) were determined as 4930, 4270, 4220,
and 5740 Ω, respectively. However the biosensors prepared with
anti-HER3 solutions of 15 mg ml�1 and 20 mg ml�1 have not showed
good immobilization performance and could not subtract an
impidimetric value. As can be seen from the cyclic voltammo-
grams, (Fig. 2A) an increase in anti-HER3 concentration resulted in
decrease in anodic and cathodic peak currents. From Fig. 2B, it can
be seen that increasing the concentration of anti-HER3 increased
the interfacial electron transfer resistance compared with the
lower concentrations of anti-HER3. This was because of the more
effective blocking behavior of anti-HER3 toward electron transfer.
As a result, in further biosensors anti-HER3 concentration was
chosen as 10 mg ml�1 for optimum performance.

4.3. Analytical characteristics of anti-HER3 biosensor

In this study, electrochemical impedance spectroscopy was
used to determine the amount of redox probe associated with
changes in the electron transfer resistance at the anti-HER3
biosensor surface. The charge transfer resistances related with
the HER3 concentrations were calculated by the potentiostate
system software.

To obtain a calibration curve for HER3 the charge transfer
resistance differences related to different HER3 amounts were
calculated by the following equation:

ΔRct ¼ Rctðanti�HER3=BSA=HER3Þ �RctðantiHER3=BSAÞ

where Rct(anti-HER3/BSA/HER3) is the value of the charge transfer
resistance after anti-HER3 is coupled to HER3, while Rct(antiHER3/
BSA) is the value of the charge transfer resistance when anti-HER3
is immobilized on the electrode and the bovine serum albumin to
block active ends. It can be seen from Fig. 3A, CV peak currents
decreased with an increase in the concentrations of HER3 standard
solutions. Fig. 3B shows the Nyquist plots evaluation of the
biosensor for different HER3 concentrations. It was observed that
the semicircle diameter in the Nyquist plots increased with
increasing HER3 concentration.

Moreover, the impedance spectra should be fitted with an
equivalent circuit model as shown in Fig. 4 where the capacitance
Cdl is the double-layer capacitance, Rct is the charge transfer
resistance in low frequency, Zw is the Warburg element, and Rs is
the resistance of the electrolyte and all the connections.

The rise of HER3 concentration increased the charge transfer
resistance, Rct, achieving a linear range between 0.4 and 2.4 pg/mL.
A calibration graph for HER3 was prepared with the help of the
differences in charge transfer resistances after HER3 binding. The
calibration curve is given in Fig. 5 and the results are given Table 1.

Shaoping and coworkers reported in the published paper that
anti-HER3 antibodies showed a linear relation in the range of
0.2–1.0 fmol HER3 [26]. However all steps of the fabrication of
nanoprobes included extremely time-consuming procedures and
expensive materials. ELISA is the most frequently used in vitro

′′

′′

Fig. 2. Evaluation of the effect of anti-HER3 incubation concentration on the
biosensor response. (A) Cyclic voltammograms related different incubation con-
centrations, and (B) electrochemical impedance spectra obtained for different anti
HER3 incubation concentrations [ -♦-♦-: 0.02 mg mL�1, -▲-▲-: 0.2 mg mL�1 -þ- þ:
5 mg mL�1, -■-■-: 10 mg mL�1 ].

Fig. 3. Cyclic voltammograms (A) and impedance spectrums (B) obtained for
different concentrations of HER3.
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enzyme-linked immunosorbent assay for the quantitative mea-
surement of HER3 in the literature. This assay employs an antibody
specific for HER3. The detectable limit of this method was reported
as less than 4 pg/mL [24]. However ELISA method also required
several time consuming steps. The immobilization of the biosensor
presented here required simple operations. Moreover anti-HER3
was economically immobilized onto gold electrodes. Beside the
biosensor revealed a good linear detection range from 0.4 pg/mL to
2.4 pg/mL which was better than the other reported methods.

In this study, Kramers–Kronig transform was one of the most
important parameters analyzed. The Kramers–Kronig relations

are integral equations that constrain the real and imaginary
components of complex quantities for systems that satisfy condi-
tions of linearity, causality, and stability [42,43] In principle, the
Kramers–Kronig relations can be used to determine whether the
impedance spectrum of a given system has been influenced by
bias errors caused, for example, by instrumental artefacts or time-
dependent phenomena. This information is critical to the analysis
and interpretation of electrochemical impedance spectroscopy
data due to difficulties with their applications. The Kramers–
Kronig relations have been applied to electrochemical systems
by direct integration of the equations, by experimental observation
of stability and linearity, by regression of specific electrical circuit
models, and by regression of generalized measurement models
[44,45]. Direct integration of the Kramers–Kronig relations
involves calculating one component of the impedance from the
other, e.g., the real component of impedance from the measured
imaginary component. The result is compared to the experimental
values obtained.

In the presented study, Kramers–Kronig transforms were
performed by the software called GamryEchemAnalyst (Ver.
5.61). Goodness of fit values are given in Table 1. The plots of
Kramers-Kronig transforms performed on different layers of bio-
sensor surfaces are shown Fig. 6.

In order to evaluate the sensitivity of the biosensor the limit of
detection (LOD) is one of the most important parameters to be
determined. The limit of detection or detection limit, which was
the lowest HER3 amount that could be determined to be statistical
by the resulting biosensor, was calculated as 0.28 pg/mL ([k Sblank/
m], k�3, Sblank and m represent impedance signal obtained for
blank sample and the slope, respectively). Beside, a limit of
quantitation (LOQ), which meant the lower limit of quantitation
was also calculated as 0.94 pg/mL ([k Sblank/m], k�10, Sblank and m
represent similar magnitudes with LOD). It can be concluded that
the biosensor based on anti-HER3 could analyze HER3 sensitively.

An effective electrochemical impedimetric method was also per-
formed on biosensor system for the first time. Electrochemical
Impedance Spectroscopy (EIS) has been widely used in the last
decades as an important electrochemical method to investigate the
surface modifications, immobilization performances of any biomole-
cules etc. Moreover it is utilized to calculate the charge transfer

Fig. 4. Equivalent circuit model applied to fit the impedance measurements.
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Fig. 5. HER3 calibration curve obtained at optimal working conditions.

Table 1
The results for Kramers–Kronig transforms, reproducibility, and the sample analysis.

Kramers–Kronig transforms for different layers of gold layer based biosensor

Biosensor surfaces Goodness of fit values

Bare Au 2.90E�04
Au/4ATP 9.01E�07
Au/4ATP/antiHER3 7.53E�05
Au/4ATP/antiHER3-BSA 3.42E�05
Au/4ATP/antiHER3/BSA/HER3 2.79E�05

Reproducibility of the biosensor
Biosensor numbers R2 y Linear ranges (pg/mL)

1 0.9804 1958.5x�2375.9 0.4–2.4
2 0.9903 2816.1x�2415.7 0.4–2.4
3 0.9922 9241.1x�10704 0.4–2.4
4 0.9818 4383.2x�5910 0.4–2.4
5 0.9895 1757.7x�1682 0.4–2.4
6 0.9912 3837.7x�2643.6 0.4–2.4
7 0.991 4387.1x�3164 0.4–2.4
VEGF detection in artificial serum samples
VEGF (pg/mL)
Added Found by the biosensor % Recovery difference % Relative

0.4 0.416 104 4
1.2 1.225 102.1 2.1
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resistances of a modified surface. In this study one of the most
important goals was to characterize the interaction between HER3
and anti-HER3 by using novel technique “single frequency impe-
dance”. This technique measures the impedance at a fixed frequency
versus time. In this way it should be possible to control the experiment
with a repeat time and a total time. For this purpose the potentiostate
was setup at a fixed frequency, as 20 Hz. The impedance was
monitored at this fixed frequency as a function of time and phase
angle during 60min. The result can be shown in Fig. 7.

Fig. 7 showed that the results of single frequency impedance
measurements should be extremely convenient for the evaluation
and characterization of a biosensor. Moreover this novel technique
should be used to clarify slow time-dependent changes occurred
on the biosensor surface. Otherwise the experiments showed that
single frequency impedance could give very important informa-
tion on binding kinetics of an antibody and antigen.

The storage stability of the resulting biosensor was checked
during a period of about 15 days. For this purpose the biosensors
were stored under dry conditions at 4 1C during different storage
periods. A relatively good stability was obtained for approximately
10 days, after which the the impedance value obtained for
application of 0.4 pg/mL of HER3 started to decrease. The sensi-
tivity of the biosensor decreased only by about 6% from the initial
value after 10 days, which meant that anti-HER3 was well
immoblized on the gold electrode surface. After 2 weeks of storage
periods, biosensor performance decreased by 16.3%, which meant
that partial denaturation of the protein structure of anti-HER3
caused by storage periods longer than 10 days.

Eventually, to demonstrate the feasibility of the biosensor in
practical analysis, the artificial serum samples were prepared by
the addition of HER3 standard solutions. These artificial serum
samples were analyzed using the proposed impedimetric biosen-
sor based on anti-HER3 as shown in Table 1.

5. Conclusion

In conclusion, we have successfully developed a novel, efficient
and simple constructed biosensor utilizing anti-HER3 as a bior-
ecognition element for the diagnosis of HER3. In the literature,
anti-HER3 was used for the first time for construction of an
impedimetric biosensor. Optimized experimental conditions for
the fabrication and operation of the biosensor were investigated.
Moreover, the Kramers–Kronig transforms were applied to the
biosensor system. These transforms showed that the impedance
data obtained by the biosensor was stable, linear, and causal.
Under optimal conditions the biosensor based on anti-HER3
exhibited a determination range from 0.4 pg/mL to 2.4 pg/mL.
The impedimetric biosensor also displayed excellent repeatability
and reproducibility. As can be seen from the results of artificial
serum sample analyses the biosensor proposed here could be a
good alternative to other detection methods for HER3 in clinical
analysis.
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