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Anti-HER-3 antibody was used for the first time in a disposable immunosensor based on indium tin oxide
(ITO) substrate for HER-3 quantification. Anti-HER-3 was immobilized onto ITO substrate by 3-aminopro-
pyD)triethoxysilane (APTES) and glutaraldehyde. This highly sensitive immunosensor was capable of
detecting concentrations of HER-3 down to the femtogram/ml level by investigating changes in the
charge transfer resistance (R) using electrochemical impedance spectroscopy (EIS). Construction of
ITO layers was carefully investigated using a broad range of techniques such as voltammetry, EIS, atomic

gg‘f:rrisi;markers force microscopy (AFM), and scanning electron microscopy (SEM). Meanwhile, in an immunosensor sys-
Biosensor tem, the “single frequency impedance” technique was first used for characterization of interaction
HER-3 between HER-3 and anti-HER-3. Eventually, the proposed ITO-based immunosensor was applied to arti-
ITO ficial serum samples spiked with HER-3.

Single frequency impedance

© 2013 Elsevier Inc. All rights reserved.

HER-3 is a type of transmembrane growth factor receptor of the
human epidermal growth factor receptor. It can activate intracellu-
lar signaling pathways in response to extracellular signals [1,2].
HER-3 itself is an incomplete receptor functionally, and conse-
quently it is a dependent protein [3]. Many studies have reported
that tumor progression and reduced survival of patients with
breast [4], ovarian [5], and pancreatic [6] cancers, gastric carci-
noma [7], malignant melanoma and metastases [8], and head and
neck squamous cell carcinoma were considerably associated with
overexpression of HER-3. Moreover, HER-3 overexpression is
importantly correlated with poor prognosis [9] and worse metasta-
sis-free survival [10] in colorectal carcinomas. For instance, it has
been revealed that both HER-3 messenger RNA and protein were
upregulated in human breast cancers, such that in human breast
cancers HER-3 overexpression has been reported in the ratio of
50-70% [11,4,12]. In addition, it seems to be associated with
metastasis and local recurrence [13,14].

In this study, because of the vital importance of HER-3, an
immunosensor based on indium tin oxide (ITO)' substrate as a
working electrode was developed. Because of its good electrical con-
ductivity, ITO is one of the most widely used transparent conducting

* Corresponding author. Fax: +90 282 250 99 25.
E-mail  addresses: msezginturk@nku.edu.tr,
(M.K. Sezgintiirk).

1 Abbreviations used: ITO, indium tin oxide; PET, polyethylene terephthalate; EIS,
electrochemical impedance spectroscopy; SEM, scanning electron microscopy; BSA,
bovine serum albumin; APTES, 3-aminopropyltriethoxysilane; CV, cyclic voltamme-
try; AFM, atomic force microscopy; SAM, self-assembled monolayer.

msezginturk@hotmail.com

0003-2697/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ab.2013.10.014

oxides. Transparent ITO thin films on flexible substrates such as
polyethylene terephthalate (PET) have many applications. It has
been reported that they can be used in plastic liquid crystal display
devices, transparent electromagnetic shielding materials, flexible
electro-optical devices, heat reacting mirrors, and the like [15].
Various ITO-based immobilization techniques have led to new
applications in the construction of biosensors. For example, gold
nanoparticles were self-assembled onto an ITO electrode to prepare
a modified sandwich-type electrochemical immunoassay platform
for determination of vascular endothelial growth factor [16]. In an-
other study, ITO was covered by a poly(dopamine) layer for biomol-
ecule immobilization [17]. However, for more reliable and stable
biosensor systems based on ITO substrates, more developments are
needed to create useful immobilization strategies.

Electrochemical impedance spectroscopy (EIS) has become an
efficient method that is used for many chemical and physical pro-
cesses. Hence, it is quite often applied in fabrication of immuno-
sensors. In a typical EIS-based immunosensor, after any
biorecognition event, charge transfer resistance (R.) usually in-
creases, and this change in R.; can be used for detection of any sub-
stances. However, in this study, a novel impedance method was
applied to the immunosensor for the first time. “Single frequency
impedance” was performed to reveal binding characteristics be-
tween HER-3 and anti-HER-3.

The focus of this study was on a simple immobilization proce-
dure for anti-HER-3, development of a highly sensitive and dispos-
able HER-3 biosensor, and its impedimetric characterization. The
current study is the first to use anti-HER-3 as a bioreceptor in an
immunosensor system for HER-3 analysis. We also identified
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scanning electron microscopy (SEM) features of the surfaces of
each layer based on a combination of EIS in the presence of
[Fe(CN)g]>~/4~ as a redox couple. Certain working parameters such
as anti-HER-3 concentration and anti-HER-3 binding period were
optimized and characterized. Finally, the immunosensor was ap-
plied to artificial serum samples for the determination of HER-3.

Materials and methods
Reagents and material

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). ITO-coated substrates (ITO-coated PET film) were obtained
from Sigma-Aldrich. The surface resistivity and transmittance
were 60 ohm/square and 550 nm (>79%), respectively. HER-3 and
anti-HER-3 were also purchased from Sigma-Aldrich. HER-3,
anti-HER-3, and 0.1% bovine serum albumin (BSA) were prepared
in a phosphate buffer (50 mM, pH 7.0). Solutions of HER-3, anti-
HER-3 and 0.1% BSA were stored at 20 °C until use. Synthetic serum
solution was prepared by using 4.5 mM KCl, 5 mM CaCl,, 4.7 mM
(p+)-glucose, 2.5 mM urea, 0.1% human serum albumin, and
145 mM NaCl. A redox probe solution was prepared in a phosphate
buffer (50 mM, pH 7.0) that contained 0.1 M KCl, 5 mM Fe(CN)g*",
and 5 mM Fe(CN)g*~.

Apparatus

Electrochemical experiments were carried out by using a Gamry
potentiostat/galvanostat (Reference 600, Gamry Instruments,
Warminster, PA, USA) interfaced with a PC via an EChem Analyst
containing physical electrochemistry, pulse voltammetry, and EIS
software (Gamry Instruments). A sheet of ITO substrate
(2 x 15 mm) was used as a working electrode, and a silver/silver
chloride reference electrode and platinum wire counter electrode
were obtained from BASi (West Lafayette, IN, USA).

Fabrication of ITO-based impedimetric immunosensors

The first step was cleaning of the ITO substrates. The ITO sub-
strates were cleaned using the following procedure. After sonica-
tion in acetone, soap solution, and ultra-pure water for 10 min
each, they were dried under a stream of argon. After that, the clean
ITO substrates were immersed in ultra-pure water containing
hydrogen peroxide (1:7, v/v) and ammonium hydroxide (1:7, v/v)
for 1 h to form hydroxyl groups on the surface of the ITO substrates
in a dark and cool atmosphere. Then, the substrates were washed
with ultra-pure water and dried with argon gas gently. During
the next step, the ITO surface was modified with 3-aminopropyltri-
ethoxysilane (APTES) to introduce amino terminals for covalent
attachment of anti-HER-3 antibody. For this purpose, the ITO sub-
strate was dipped into the APTES solution (1%) overnight. For cova-
lent interaction between anti-HER-3 and ITO modified with APTES,
a crosslinking agent, glutaraldehyde (0.1%), was used next. After-
ward, an ITO sheet modified with anti-HER-3 was immersed in
ultra-pure water to remove physically adsorbed anti-HER-3
molecules. Finally, the ITO substrate was immersed in the solution
of BSA (0.1%) to block active ends. The bare (cleaned) and modified
ITO substrates were denoted as ITO, ITO/APTES, ITO/APTES/anti-
HER-3, ITO/APTES/anti-HER-3/BSA, and ITO/APTES/anti-HER-3/
BSA/HER-3.

Experimental measurements

Cyclic voltammetry (CV) was used to characterize the steps of
electrode modification and immobilization. The applied potential

was varied between —500 and 500 mV (step size: 20 mV; scan
rate: 50 mV/s) in the presence of a 5-M [Fe(CN)g*~]/[Fe(CN)s>]
(1:1) solution that served as a redox probe containing 0.1 M KCl.
For electrochemical impedance studies, an alternating wave of
10-mV amplitude was applied to the electrode over the formal po-
tential of the redox couple (0 V). The redox couple used for the
impedance studies was the same as that used for CV. Impedance
spectra were collected in the frequency range between 10,000
and 0.05 Hz.

SEM and AFM studies

Structural observations of a surface modified by immobilization
and HER-3 binding were performed by a field emission scanning
electron microscope (FEI-Quanta FEG 250 model at 10,000-fold
magnification) at the Scientific and Technological Research Center
of Namik Kemal University (NABILTEM). An acceleration voltage of
5 kV was used to acquire SEM images.

Atomic force microscopy (AFM) studies were performed by
using an AFM Plus model microscope (NanoMagnetics Instru-
ments, Turkey). Measurements were carried out by using silicon
cantilevers (PPPNCLR-50 [PointProbe Plus non-contact], Nanosen-
sors, Switzerland). Topographic images were taken in tapping
mode in air and collected at a scan rate of 20 nm/s with a scan size
of 40 x 40 and 2 x 2 pm.

Results and discussion
Immobilization of anti-HER-3 onto ITO sheets

The first and perhaps most important step was cleaning of the
ITO surface because the further modification of ITO would defi-
nitely not have been realized without this cleaning procedure.
The cleaning step mentioned above removed organic contaminants
from the ITO surface, and removing these contaminants also in-
creased the conductivity. Nevertheless, it was possible to continue
immobilization after the cleaning step. All of these steps were
characterized by the help of EIS and CV. A well-defined character-
istic voltammogram of the redox couple, Fe(CN)s>~/4~, was ob-
served on the ITO modified with hydroxyl groups. Fig. 1A shows
the cyclic voltammograms obtained for the immobilization steps
of anti-HER-3.

As is shown in Fig. 1A, the characteristic cyclic voltammograms
of the redox couple Fe(CN)g>~/4~, which exhibits a nearly reversible
electrode reaction without any complications of proceeding or
post-chemical reactions, were not observed for the unmodified
ITO surface because of its high electrical resistivity. After cleaning
of the surface by the procedure mentioned above, the peak cur-
rents of the redox probe did not change considerably. However,
the formation of hydroxyl groups on the ITO surface resulted in
an obvious increase in anodic and cathodic currents compared
with the previous ITO surfaces. This effect was probably caused
by increasing the electron transfer rate of the redox probe. The
ITO surface modified with hydroxyl groups was then activated
with APTES, leaving a primary amine group on the surface. Most
likely, these amino ends electrostatically actuated the redox probe
toward the working electrode, and consequently the peak currents
increased considerably. After covalent attachment of anti-HER-3,
both the cathodic and anodic peak currents were decreased dra-
matically due to the hindering effect of anti-HER-3 on the electron
transfer rate. During this process, glutaraldehyde was subse-
quently used to react with the amine group, yielding an aldehyde
that could form an imine linkage with the primary amine group
on anti-HER-3. During the last step, the addition of BSA that
blocked free active ends also caused a further decrease in peak
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Fig.1. Electrochemical characterization of ITO-based immunosensor. (A) Cyclic voltammograms of anti-HER-3 immobilization by covalent attachment. (B) Electrochemical
impedance spectra of HER-3 immobilization steps: B, ITO/OH; a, ITO/APTES; 4, ITO/APTES/anti-HER-3; @, ITO/APTES/anti-HER-3/BSA.

currents due to its insulator protein structure. That is to say, mod-
ification of the ITO surface by an insulator protein made it more
resistant to redox probe diffusion. After binding HER-3, a signifi-
cant decrease was observed in anodic and cathodic peak currents.
This again was caused by slowing of the electron transfer rate by
HER-3 proteins.

Fig. 1B shows a typical Nyquist diagram of impedance spectra
belonging to all fabrication steps in the frequency range from
0.05 to 10,000 Hz. The semicircular portion observed at high fre-
quencies corresponds to the limited electron transfer process,
whereas the linear part represents the limited diffusion process.
EIS is one of the most important techniques for characterization
of electrode surfaces and presents analytic solutions for many pro-
cesses. Besides these, identification of membranes, biosensor char-
acterization, and fabrication can also be effectively monitored by
EIS. Conversely, enzyme-substrate interactions after antigen-anti-
body, receptor-ligand, or DNA-DNA interactions can be identified
with the help of EIS. In Nyquist plots, the complex impedance is
displayed as the sum of the real and imaginary components (Ze4
and Zjm,g, respectively), the semicircle diameter at higher frequen-
cies corresponds to the electron transfer resistance (Rq), and the
linear part at lower frequencies corresponds to the diffusion pro-
cess (Warburg impedance). The diameter of the semicircle also

exhibited the blocking behavior of the modified electrode after
each modification step. The electrochemical impedance data were
fitted with an equivalent circuit model by using commercial soft-
ware called Gamry Echem Analyst, shown in Fig. 2.

This equivalent circuit model consisted of resistive and capaci-
tive elements as well as a Warburg element. Ry was the resistance
of the working solution, and the Cy (constant phase element) was

R.E. = NF

Ret I W I

Fig.2. Equivalent circuit model applied to fit the impedance measurements. Rs,
ohmic resistance of electrolyte solution; Cg;, associated with double layer capac-
itance; R, electron transfer resistance; W, Warburg impedance.
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connected with the capacitance of the complex bioactive layer. R,
was related to the electron transfer resistance through the elec-
trode surface, and the Warburg impedance, Z,,, described the nor-
mal diffusion to the electrode surface through the complex layer.
The experiments revealed that the results showed excellent agree-
ment between CV and EIS studies. During the formation step of hy-
droxyl groups onto cleaned ITO sheets, the impedance spectra also
showed that hydroxyl groups formed on the electrode surface did
not considerably affect the electron transfer resistance of the
surface. That is to say, in this case the hydroxyl groups did not
cause a dramatic alteration in the diffusion of the redox probe
to electrode surface. The charge transfer resistance (R.) values
were decreased significantly in self-assembled monolayer (SAM)
formation of APTES on the ITO substrate owing to formation of
amino ends, which might help the redox probe to diffuse onto
the electrode surface. Immobilization of anti-HER-3 onto the ITO
electrode modified with APTES via glutaraldehyde gave rise to an
increase in R values. In this case, anti-HER-3 probably exhibited
higher resistances against the diffusion of redox probe molecules.
Similarly, blocking of active free aldehyde ends by BSA increased
the electrical resistivity of the electrode surface. Consequently,
the BSA layer acted as an effective diffusion barrier to the charge
transfer reactions. It can be concluded that a good linear relation-
ship between semicircle diameters and electrode layers indicates
successful construction of the biosensor. A schematic representa-
tion of the immobilization steps is given in Scheme 1.
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Optimization studies of HER-3 biosensor

To accurately conduct optimization studies requires assays that
are extremely sensitive and highly discerning. Therefore, optimiza-
tion of the immobilization steps was extremely important. For this
purpose, the parameters such as concentration of anti-HER-3 used
for immobilization, anti-HER-3 incubation period needed for opti-
mal immobilization performance, and HER-3 incubation periods
for detection were optimized. First, it was shown that impedimet-
ric and voltammetric methods are powerful tools for studying the
immobilization and measurement steps through the biosensor
preparation and HER-3 analysis stages.

The APTES SAM has been widely used in many different appli-
cations. In this study, first the surface of ITO was cleaned and then
-OH ends were introduced on ITO surface. After that, ITO/OH was
modified with a SAM of APTES, which was bounded with anti-HER-
3 with the help of a crosslinking agent, glutaraldehyde, by forming
a strong amide linkage at both ends with free available amino
groups of APTES and anti-HER-3. To obtain the optimal results dur-
ing this process, the first parameter, the concentration of anti-HER-
3, was investigated in detail. To determine the effect of anti-HER-3
concentrations on immobilization performance and biosensor
response, different biosensor systems were constructed by using
5-, 20-, 40-, and 80-pg/pl anti-HER-3 portions. It can be seen from
the results (Fig. 3) that both the peak currents and electron transfer
resistance values were affected by the concentration of anti-HER-3.

OH OH OH OH OH
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Scheme 1. Covalent immobilization steps of anti-HER-3 onto ITO substrates.
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HER-3 calibration curves drawn by using different anti-HER-3
concentrations showed that levels of anti-HER-3 lower than
40 pg/pl were not sufficient to obtain good and valid results. Most
likely, the reason was because, with low concentrations of anti-
HER-3 on the surface, HER-3 did not bind sufficiently, which
allowed the redox probe to diffuse easily through the electrode
surface. By this process, the electron transfer resistance cannot
reach the expected degree. However, the charge transfer resistance
differences of the calibration curve belonging to the biosensor built
up with 80 pg/ul anti-HER-3 were slightly higher than the biosen-
sor built up with 40 pg/ul anti-HER-3. Hence, although the electron
transfer resistances of 80 pg/ul anti-HER-3 were slightly higher
than those of 40 pg/ul anti-HER-3, the optimal anti-HER-3 concen-
tration was 40 pg/pl anti-HER-3. Using high concentrations of anti-
HER-3 was unnecessary in terms of increasing biosensor signals.

The next important parameter was the incubation period for
anti-HER-3 immobilization. Anti-HER-3 was crosslinked to amino
ends of APTES SAM by glutaraldehyde (0.1%). The glutaraldehyde
compound provides the most popular and versatile method for
labeling or crosslinking to amino ends. For identifying the optimal
crosslink ratio and immobilization performance of anti-HER-3, dif-
ferent incubation periods (30, 45, 60, and 90 min) were used to fab-
ricate biosensors, thereby clarifying the influence of anti-HER-3
incubation durations on biosensor responses. The experiments
showed that the response of the biosensor would be influenced
by the period of anti-HER-3 incubation during immobilization.
HER-3 calibration curves obtained by the impedance spectra re-
lated to these findings can be seen in Fig. 4A.

The experiments revealed that an increase in the period of incu-
bation of anti-HER-3 gave rise to unfavorable results. The cyclic
voltammograms and impedance spectra belonging to these exper-
iments can also be seen in Fig. 4B and C. When anti-HER-3 was
immobilized by using a period of 30 min, the resulting immuno-
sensor provided insignificant signals that could not be evaluated.
R values (obtained for 80 fg/ml HER-3) for the incubation periods
for 45, 60, and 90 min were 1629, 2873, and 1915 ohm, respec-
tively. An increase in the incubation period of anti-HER-3 increased
the charge transfer resistance to longer than 60 min. This result
was expected because of the blocking behavior of the anti-HER-3
layer on the electrode surface for the redox probe [Fe(CN)s]*>~/4-,
which was reflected in the impedance spectroscopy as an increase
in the diameter of the semicircle at high frequencies. However, the
charge transfer resistances (R.) decreased considerably with an in-
crease in incubation times of more than 60 min. At the end of the
90-min incubation period, anti-HER-3 solution on the electrode
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Fig.3. HER-3 calibration graphs for ITO-based immunosensors constructed by
immobilization of different anti-HER-3 concentrations. Anti-HER-3 concentrations
used in the construction of the biosensors were varied from 5 to 80 pg/pl. HER-3
calibration graphs obtained for these biosensors are shown by the following: ¢,
5 pg/ul; M, 20 pg/pl; @, 40 pg/ul; a, 80 pg/pl.

surface completely evaporated spontaneously, although the ITO-
based electrode was incubated in a moisture medium. Most likely,
the immobilization performance of anti-HER-3 was negatively af-
fected due to the long period of incubation. Moreover, a long per-
iod of incubation with glutaraldehyde should have resulted in a
denaturation of the three-dimensional structure of anti-HER-3 pro-
tein. Consequently, even if anti-HER-3 is immobilized on the ITO
surface, it cannot bind its ligand, HER-3, because of this denatur-
ation effect. It seemed that incubation periods shorter than
90 min caused the solution of anti-HER-3 to evaporate partially.
However, incubation periods longer than 60 min led to a decrease
in biosensor signals. In this condition, it is conceivable that the sig-
nals decreased because of insufficient crosslinking activity of glu-
taraldehyde. This was an expected result because a crosslinking
process of short duration is not expected to be effective for cross-
linking of anti-HER-3 to the electrode surface. Therefore, 60 min
was chosen as the optimal incubation period for anti-HER-3
immobilization.

Eventually, the incubation period for binding between anti-
HER-3 and HER-3 was optimized. For this purpose, anti-HER-3/
HER-3 interaction was realized by using different incubation peri-
ods such as 30, 45, 60, and 90 min. The results obtained in the stud-
ies of optimization for HER-3 incubation periods were very similar
to those of anti-HER-3. The binding ratio of HER-3 to anti-HER-3
decreased with an increase in incubation periods. This was proba-
bly caused by an effect similar to that in anti-HER-3 incubation. Be-
cause of that, the most effective period for HER-3 incubation was
60 min. Similarly, HER-3 incubation periods shorter than 60 min
resulted in a decrease in charge transfer resistances. In this condi-
tion, the biosensor signals were probably decreased because there
was insufficient interaction between HER-3 and anti-HER-3 immo-
bilized on ITO substrates. Finally, if anti-HER-3 and HER-3 incuba-
tion periods are evaluated in terms of total measurement duration,
short periods for both incubation processes should be favorable.

SEM and AFM characterization studies

SEM and AFM techniques were very useful tools to obtain infor-
mation about the morphological characteristics of the resulting dif-
ferent surfaces of the biosensor during each step of the fabrication
process. SEM was used to characterize the surface morphologies of
the proposed biosensor layers (Fig. 5A). Bare ITO substrate showed
a homogeneous surface (Fig. 5A1), whereas an anti-HER-3 modi-
fied surface had almost uniform granular morphology attributed
to the dispersion of anti-HER-3 protein onto the ITO surface
(Fig. 5A2). On application of BSA used for blocking active ends of
surface, the granular morphology of anti-HER-3 changed into the
more globular form (Fig. 5A3) due to the three-dimensional struc-
ture of BSA. Fig. 5A4 shows more aggregation than Fig. 5A3 because
of the interaction between anti-HER-3 and HER-3.

In AFM imaging studies, using contact mode for proteins was
ineffective because the protein structures were changed and dam-
aged by the cantilever tip to which proteins attached during the
imaging process, leading to unreliable and irreproducible images
[18]. Fig. 5B shows AFM images taken during one of the immobili-
zation steps. Bare ITO sheet had a homogeneous rough surface
morphology (Fig. 5B1), and in further steps the immobilization of
anti-HER-3 (Fig. 5B2) and the last HER-3 binding (Fig. 5B3) implied
further alteration of surface morphologies. Eventually, the results
obtained with SEM and AFM were in good agreement with those
obtained from impedance characterization studies.

Analytical characteristics of ITO-based anti-HER-3 biosensor

In this study, EIS was used mainly to determine the variation of
diffusion rate of a redox probe associated with changes in the
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Fig.4. Effect of anti-HER-3 binding period on ITO-based immunosensor. (A) HER-3 calibration graphs obtained by using biosensors prepared with different anti-HER-3
binding periods: M, 30 min; ¢, 45 min; @, 60 min; a, 90 min. (B) Cyclic voltammograms obtained for biosensors constructed by different anti-HER-3 binding periods: M,
30 min; ¢, 45 min; ®, 60 min; A, 90 min. (C) Impedance spectra obtained for biosensors constructed by different anti-HER-3 binding periods: M, 30 min; 4, 45 min; @, 60 min;

A, 90 min. In all CV and EIS studies, 80 fg/ml HER-3 was used.

electron transfer resistance related to HER-3 concentration. The
charge transfer resistances related to the HER-3 concentrations
were calculated with the help of the equivalent circuit model given
in Fig. 2. To obtain a calibration curve of the biosensor, the varia-
tion of the absolute impedance calculated by the following equa-
tion was used:

ARct = Rct(anti—HER—B/HER—3) - Rct(anti-HER—3)

where Rcianti-uer-3/Er-3) 1S the value of the charge transfer resis-
tance after anti-HER-3 was coupled to HER-3 and Rcy(anti-HER-3) 1S
the value of the charge transfer resistance when anti-HER-3 was
immobilized on the electrode. As can be seen from Fig. 6A, peak
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Fig.5. SEM and AFM characterization of the biosensor surfaces. SEM images: A1 (10,000 magnitude), bare ITO; A2 (20,291 magnitude), ITO/APTES/anti-HER-3; A3 (5000
magnitude), ITO/APTES/anti-HER-3/BSA; A4 (13,893 magnitude), ITO/APTES/anti-HER-3/BSA/HER-3. AFM images: B1 (scanning area 0-40 um), bare ITO; B2 (scanning area 0—
2 um), ITO/APTES/anti-HER-3; B3 (scanning area 0-2 um), ITO/APTES/anti-HER-3/BSA/HER-3.

currents decreased with the increase in the concentrations of HER-3
standard solutions.

Fig. 6B shows the Nyquist plot evaluation of the ITO-based
immunosensor for different HER-3 concentrations. It was observed
that the semicircle diameter in the Nyquist plots increased with
increasing HER-3 concentrations. Moreover, the low frequencies
could used for concentration-dependent measurements.

The increment of HER-3 concentration increased the charge
transfer resistance (R.), achieving a linear range between 40 and
200 fg/ml. A calibration graph for HER-3 was prepared with the
help of the differences in charge transfer resistances after HER-3
binding. The calibration curve is given in Fig. 7.

The reproducibility of the HER-3 immunosensor was identified
by the help of eight biosensors fabricated using the same set of
procedures. HER-3 calibration graphs were prepared and evaluated
by using these biosensors. As indicated by the results obtained, the
immunosensor reported here had good reproducible characteris-
tics. As a result, the ITO-based immunosensor can be used for
HER-3 detection and quantification. The linear detection ranges

of eight biosensors for HER-3 were the same between 40 and
200 fg/ml. The results are summarized in Table 1.

Repeatability is another factor that must be determined, espe-
cially for an immunosensor. The repeatability of the presented
ITO-based immunosensor should be defined as the degree of single
biosensor that could be used continually for a series of measure-
ments with the same concentration of HER-3. The charge transfer
resistances of the biosensor were investigated when it was consec-
utively exposed to a 40-fg/ml HER-3 standard solution 10 times.
The repeatability of the measurements was very good considering
that the correlation coefficient of the measurements was 5.9%, and
the average value and standard deviation were calculated as 40.6
and 2.4 fg/ml, respectively.

Moreover, in this study, a new impedimetric technique was also
applied to the biosensor for the first time. In the literature, EIS is
used for the immobilization and characterization of a biosensor.
It is also used to analyze the charge transfer resistances of a mod-
ified surface. To characterize the binding of HER-3 to anti-HER-3
that was immobilized on the ITO surface, the single frequency
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Fig.6. Cyclic voltammograms (A) and impedance spectra (B) obtained for different concentrations of HER-3 by ITO-based anti-HER-3 immunosensor.
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Fig.7. HER-3 calibration curve obtained by ITO-based immunosensor.

impedance technique was first performed successfully. As is
known in electrochemistry, to discover surfaces of working
electrodes, several methods such as SEM, scanning tunneling
microscopy, and scanning reference electrodes should be operated.
However, using these methods to potential is commonly time-con-
suming and requires expensive equipment. Moreover, SEM and

AFM should also be used for surface characterization of the biosen-
sors. As is well known, both of these instruments are extremely
expensive, and in any laboratory SEM/AFM should not be provided.
Consequently, as a valuable alternate method, measurements can
be performed across the electrode at a single frequency to create
an image of the electrode or, alternatively, can be performed at a

Table 1
Results for reproducibility and sample analysis.

(A) Reproducibility of the biosensor

Biosensor number R? y Linear range (fg/ml)
1 0.9845 15.185x +4 40-200

2 0.9854 16.785x + 872 40-200

3 0.9808 23.609x +274.9 40-200

4 0.9934 13.048x +954.9 40-200

5 0.9893 10.24x +2042.6 40-200

6 0.9911 25.115x + 155.8 40-200

7 0.9882 31.868x — 54.952 40-200

8 0.9904 32.863x — 790.7 40-200

(B) HER-3 detection in artificial serum samples

Added Found by biosensor % Recovery % Relative difference
40 40.8 102.0 2.0

80 81.3 101.6 1.6
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Fig.8. Single frequency impedance measurement.

given location to create a complete spectrum. In other words, sin-
gle frequency impedance measurements can be performed to mon-
itor the changes in the surfaces of the biosensors.

Single frequency impedance measures the impedance at a fixed
frequency against time. Consequently, it should be possible to con-
trol the experiment with a repeat time and a total time. For this
purpose, the potentiostat was set up at a fixed frequency of 5 Hz.
The impedance was measured at this fixed frequency as a function
of time and phase angle for 60 min. The result is shown in Fig. 8.

Single frequency impedance measurements were very informa-
tive about the binding of HER-3 to anti-HER-3. The significant
change in the phase angle was due to interaction between HER-3
and anti-HER-3. In this experiment, the most important require-
ment was to give more attention to preventing environmental
interference effects such as a possible electromagnetic wave, an
inductive effect from the surrounding area, and magnetic stirring
of the reaction cell that could cause an unstable electrode surface.
Eventually, from the results, it should be concluded that single fre-
quency impedance can be used for biosensor evaluation, process
monitoring, or evaluating slow, time-dependent changes in a bio-
sensor surface.

To investigate the storage stability of the ITO-based immuno-
sensor, the immunosensors were stored at 4 °C for various periods
such as 1, 2, 3, and 4 weeks. The biosensor response was constant
for the first 3 weeks. However, the immunosensor stored for
4 weeks did not work at the end of the storage period, probably be-
cause of damage to the surface of the electrode. Despite this, it
could be concluded that the storage stability studies of the immu-
nosensor clarified that the long-term stability of the biosensor was
reasonably good.

Finally, the artificial serum samples spiked with HER-3 were
analyzed using the presented ITO-based immunosensor for the
quantification of HER-3. Results from three different measure-
ments were averaged (Table 1). The results presented here show
that HER-3 levels of the artificial serum samples analyzed by the
ITO-based immunosensor agreed with those of the spiked amount
of HER-3 to the artificial serum samples.

Conclusions

In this study, a simple immobilization process was performed to
prepare an impedimetric and disposable immunosensor for HER-3
quantification based on ITO substrates. Anti-HER-3 antibody was
first used in this study for fabrication of an immunosensor inte-
grated with ITO substrates. It was shown that SEM, AFM, and EIS
investigations on different layers of the immunosensor were in
good agreement with each other by the successful immobilization

of anti-HER-3 and analysis of HER-3. Another goal of this study was
to perform single frequency impedance experiments. Important
data on the interaction between HER-3 and anti-HER-3 was ob-
tained by the single frequency impedance studies. From this, it is
highly recommended that single frequency impedance be per-
formed for different biosensor applications such as evaluation
and to clarify slow, time-dependent changes in a biosensor surface.
Calibration studies were performed, and it was found that the dis-
posable immunosensor gave a linear response to HER-3 over the
range from 40 to 200 fg/ml. Finally, this biosensor was successfully
applied to HER-3 analysis in artificial serum samples.
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