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GRAPHICAL ABSTRACT

e Microcontact imprinting method was
used for preparing the sensor chip for
capacitive biosensing.

e High sensitivity was obtained.

e Good selectivity was demonstrated.

o Stability of the sensor chip was better
than that of a corresponding anti-
body based assay.
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Prostate specific antigen (PSA) is a valuable biomarker for early detection of prostate cancer, the third most
common cancer in men. Ultrasensitive detection of PSA is crucial to screen the prostate cancer in an early
stage and to detect the recurrence of the disease after treatment. In this report, microcontact-PSA imprinted
(PSA-MIP) capacitive biosensor chip was developed for real-time, highly sensitive and selective detection of
PSA. PSA-MIP electrodes were prepared in the presence of methacrylic acid (MAA) as the functional
monomer and ethylene glycol dimethacrylate (EGDMA) as the cross-linker via UV polymerization. Immo-
bilized Anti-PSA antibodies on electrodes (Anti-PSA) for capacitance measurements were also prepared to
compare the detection performances of both methods. The electrodes were characterized by atomic force
microscopy (AFM), scanning electron microscopy (SEM) and cyclic voltammetry (CV) and real-time PSA
detection was performed with standard PSA solutions in the concentration range of 10 fg mL™!
—100 ng mL . The detection limits were found as 8.0 x 10 >ngmL "' (16 x 10" M)and 6.0 x 10 4 ngmL"!
(12 x 10718 M) for PSA-MIP and Anti-PSA electrodes, respectively. Selectivity studies were performed
against HSA and IgG and selectivity coefficients were calculated. PSA detection was also carried out from
diluted human serum samples and finally, reproducibility of the electrodes was tested. The results are
promising and show that when the sensitivity of the capacitive system is combined with the selectivity and
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reproducibility of the microcontact-imprinting procedure, the resulting system might be used successfully
for real-time detection of various analytes even in very low concentrations.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Prostate cancer accounts for approximately 10% of all deaths
from cancer and it is the third most common cancer in men [1-3].
There are not any effective cures for the treatment of prostate
cancer in the advanced metastatic stage [4]. Due to this, to reduce
the mortality rate, early detection of this cancer is crucial [5].
Prostate specific antigen (PSA) is a valuable biomarker for the
detection of prostate cancer [6]. PSA is a serine protease and nor-
mally found in serum. It is produced by the prostate epithelium and
is responsible for the liquefaction of seminal fluid [7]. A total PSA
level of 4.0 ng mL~! (more recently 2.5 ng mL™!) is a highly prob-
able indication for prostate cancer and it might indicate the need
for biopsy [8—10]. PSA is not a cancer-specific marker since PSA
level in serum might increase also in other non-cancerous diseases
of prostate [1—3]. However, there is not an alternative marker
instead of PSA for early detection of prostate cancer. Measurement
of PSA level is not only used for the early detection of the cancer but
also to monitor the response of the patients to the therapy [11]. In
this case, detectable level of PSA indicates the recurrence of the
disease. When using ultrasensitive assays, it is possible to either use
very small sample volumes, or to dilute the sample such that
background activities are markedly reduced. For this reason, ul-
trasensitive detection of serum PSA level especially in low pg mL~!
region facilitates an early detection of prostate cancer and also
recurrence of the disease [12—14].

Most of the current PSA assays are variants of enzyme linked
immunosorbent assay (ELISA) in which it is necessary to use
enzymatic, fluorescent or chemiluminescent labels to detect in a
tedious and expensive way. Developing a biosensor for PSA detec-
tion offers an attractive possibility to create a point-of-care testing
device to screen for prostate cancer in real-time [12,15,16]. Thus,
the need for sample transport and delays associated with the
central laboratories would be eliminated.

Affinity biosensors are based on binding interaction between
the biorecognition element on the sensor chip and the analyte of
interest. It is possible to assay biomacromolecules at very low
concentrations with highly sensitive affinity biosensors [17].
Among label-free affinity biosensors, capacitive biosensors are used
for quantifying biomolecular interactions real-time, label-free and
in a fast, sensitive and selective manner [18—20]. Capacitive bio-
sensors are the type of electrochemical sensors and the measure-
ment is based on the change in the dielectric properties of the
sensor surface when an analyte interacts with the biorecognition
element, causing a decrease in capacitance [21,22]. Capacitive
biosensors have been used for detection of a variety of different
analytes [23—-27].

Molecular imprinting is the technique growing in popularity for
the design of biomimetic sensor layers during the last decade [28].
This is the technique of forming artificial recognition sites comple-
mentary to a “template” molecule by the polymerization of a
monomer around the template [29—31]. The advantages of the
technique including coping with complex matrices under tough
conditions, reusability, cost-effective fabrication, high recognition
capacity to the template molecule and binding characteristics almost
as good as those of natural antibodies make it promising to use in a
variety of areas, such as solid-phase extraction, chiral separation,
catalysis, library screening, drug-delivery, biosensors [32—36].

In the study reported here, a capacitive biosensor with an
automated-flow injection system was developed for PSA detection.
A microcontact imprinting method was used for imprinting of PSA
onto the capacitive sensor surface. To our knowledge, this is the
first microcontact-PSA imprinting study for the detection of PSA.
Microcontact imprinting is a surface coating technique used for the
creation of recognition cavities for the macromolecular templates
[37—40]. In the general procedure, target protein is immobilized
onto a glass support to form the protein stamp. Then, it is brought
into contact with the sensor surface. By this way, a thin polymer
film is formed on the sensor surface via UV polymerization. When
the template is removed from the surface, specific protein recog-
nition sites are formed at the surface of the imprinted support
[41—43]. There are a lot of significant advantages of the technique
over conventional methods. Since this method is based on the
imprinting of the protein onto a support, it reduces activity loss of
the biorecognition molecule on the sensor surface. Thus it ensures
long-term stability [44]. Only a very small amount of template
molecule is enough for the imprinting and it does not require the
protein to be in contact with the monomer solution prior to poly-
merization, which is very important for the conformational sta-
bility of the protein [45]. In the study, after modification of the gold
surface with poly-tyramine and acryloyl chloride, the protein
stamp was brought into contact with the capacitive electrode and
PSA imprints were introduced onto the sensor surface. At the same
time, electrodes with immobilized Anti-PSA antibodies (Anti-PSA
electrodes) were prepared via glutaraldehyde activation, to
compare the detection performances and selectivities of two
methods. PSA detection studies were performed using standard
PSA aqueous solutions. Selectivity of electrodes was tested against
other proteins — human serum albumin (HSA) and human gamma
globulin (IgG). Selectivity coefficients were calculated. PSA detec-
tion was also carried out from diluted human serum samples with
the prepared electrodes. As the final step, reproducibility of the
electrodes was tested.

2. Materials and methods
2.1. Materials

Prostate specific antigen (PSA, cat. no. AO1238H) was obtained
from Meridian Life Science, Inc., Memphis, USA. Anti-PSA antibody
(cat. no. sc-7316) was obtained from Santa Cruz Biotechnology, Inc.,
Texas, USA. Human serum albumin (HSA) and tyramine (99%,
HOCgH4CH,CH,;NH,) were obtained from Sigma (Steinheim, Ger-
many). Human gamma globulin (human IgG) was purchased from
Octapharma AB (Stockholm, Sweden). Acryloyl chloride and 1-
dodecanethiol were obtained from Aldrich (Deisenhofen, Ger-
many). Glutaraldehyde 50% (w/v), triethylamine, 3-amino-propyl-
triethoxysilane (APTES) and a-o/-azoisobutyronitrile (AIBN) were
purchased from Fluka (Buchs, Switzerland). Methacrylic acid (MAA)
and ethylene glycol dimethacrylate (EGDMA) were obtained from
Aldrich (Steinheim-Germany and USA, respectively). Glass micro-
scope cover slips (24 x 40 mm) (Menzel-Glaser) were used as the
base for protein stamp in microcontact imprinting. All other
chemicals used were of analytical grade. All buffers were prepared
with water treated with a reverse osmosis step with a Milli-Q
system from Millipore (Bedford, MA, USA). This water was used
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all through the experiments if nothing else is stated. Prior to use, all
buffers were filtered through a Millipore filter (pore size 0.22 pm)
and degassed for 1 h.

2.2. Preparation of the microcontact-imprinted prostate specific
antigen (PSA) capacitive electrodes (PSA-MIP)

The PSA-MIP capacitive sensor was developed in three steps as
described below:

In the first step, glass cover slips (24 x 40 mm), which were used
as protein stamps, were prepared. Cover slips were cleaned in
10 mL of 1 M HCI, de-ionized water, 1 M NaOH, de-ionized water
and ethanol, respectively for 10 min in each step. After cleaning,
they were dried with nitrogen gas. The cleaned cover slips were
immersed in 10% (V/V) APTES (3-amino-propyl-triethoxysilane) in
ethanol at room temperature for 1 h. By this way, the amino groups
were introduced on the surface. After rinsing the surface with
ethanol, the cover slips were immersed in 5% (V/V) glutaraldehyde
(GA) solution in 10 mM phosphate buffer (pH 7.4) at room tem-
perature for 2 h for the activation of amino groups. Then, they were
rinsed with phosphate buffer and dried with nitrogen gas. For the
immobilization of PSA onto the surface, the cover slips were
immersed in 0.1 mg mL~! PSA solution (in 10 mM phosphate buffer,
pH 7.4) at 4 °C for 24 h. Finally, they were washed with phosphate
buffer and then dried with pure nitrogen gas.

In the second step, capacitive gold electrodes were subsequently
cleaned with ethanol, de-ionized water, acetone, de-ionized water
and acidic Piranha solution (3:1, HySO4:H,0,, V/V) respectively for
10 min in each step. After plasma cleaning (Mod. PDC-3XG, Harrick,
NY, USA) for 30 min, electropolymerization of tyramine was per-
formed as described before [24], by cyclic voltammetry (CV) in
ethanolic solution of 10 mM tyramine with a set potential range of
0—1.5 V (vs Ag/AgCl) and a scan rate of 50 mV s~ for 15 scans. By
this way, free primary amino groups were introduced on the sur-
face of the electrode. For the modification of the surface after
tyramine electropolymerization, the electrodes were immersed in a
solution containing 30 mM acryloyl chloride and 30 mM triethyl-
amine (in toluene) overnight, at room temperature. Thus, the
amide groups, which would interact with the protein stamp, were
generated on the surface.

As the final step, before bringing the protein stamp into contact
with the modified capacitive electrodes, monomer solution con-
taining MAA as the functional monomer and EGDMA as the cross-
linker were prepared in the ratio of 1:5 (V/V) and AIBN as the
initiator was added into this solution. 1.5 uL of monomer solution
was pipetted onto the electrode surface and the protein stamp
(glass cover slip) was brought into contact with the electrode. The
polymerization was initiated under UV light (365 nm, 400 W) and
continued for 15 min. Then, the protein stamp was removed from
the surface. Finally, the electrodes were immersed in 10 mM 1-
dodecanethiol in ethanol for 20 min in order to block any pin-
holes in the polymer layer coating the electrode surface. The
schematic representation of microcontact imprinting procedure is
shown in Fig. 1.

2.3. Preparation of capacitive electrodes with immobilized anti-PSA
antibody (Anti-PSA)

Capacitive electrodes with immobilized anti-PSA antibody
(Anti-PSA) were prepared in three steps as described below:

In the first step, the electrodes were cleaned with the same
chemicals used for PSA-MIP electrodes. After plasma cleaning for
30 min, electropolymerization of tyramine was performed as
described in Section 2.2. Then the electrodes were rinsed with
distilled water and dried with nitrogen gas.

In the second step, the electrodes were immersed in 5.0% (V/V)
glutaraldehyde in 10 mM phosphate buffer (pH 7.4) for 1 h at room
temperature. Then, they were thoroughly rinsed with phosphate
buffer and dried with nitrogen gas. By this way, the amino groups
on the surface of the electrode are modified by coupling to one of
the aldehyde groups of glutaraldehyde leaving one free aldehyde
group.

As the last step, the electrodes were kept in Anti-PSA solution
(200 pg mL~!) prepared in 10 mM phosphate buffer (pH 7.4)
overnight at 4 °C. Finally, the electrodes were immersed in 1-
dodecanethiol (10 mM) in ethanol for 20 min in order to cover
bare parts of the gold surface.

2.4. Surface characterization of PSA-MIP electrodes

2.4.1. Atomic force microscopy studies

In order to characterize the surface of the bare gold electrodes
and PSA-MIP capacitive electrodes, atomic force microscope (AFM)
was used in tapping mode (Nanomagnetics Instrument, Oxford,
UK). Capacitive electrodes were attached on a sample holder by
using double-sided carbon strips. Oscillation frequency (341.30 Hz),
vibration amplitude (1 Vrums) and free vibration amplitude (2 Vryvs)
were used as experimental parameters. Imaging studies were made
in 2 pm/s scanning rate and 256x256 pixels resolution.

2.4.2. SEM images

The surface morphology of PSA-MIP electrode was observed by
Scanning Electron Microscope (SEM, FEI, Quanta 200 FEG, USA). The
electrodes were washed with ethanol and water for 10 min,
respectively. Before SEM observation, the electrodes were sputter
coated with Au/Pd.

2.4.3. Cyclic voltammetry (CV) studies

CV experiments were carried out using a potentiostat/galvano-
stat (Autolab PGSTAT12, EcoChemie, Utrecht, The Netherlands).
Instrument operation and data acquisition were controlled using
GPES 4.8 Software. All electrochemical measurements were con-
ducted in a standard three-electrode flow cell fitted with a plat-
inum wire and a commercial Ag/AgCl electrode as the counter and
the reference electrodes, respectively. The PSA-MIP and Anti-PSA
gold electrodes, during the different steps of their preparation,
served as the working electrodes. A solution of KCl (0.1 M) con-
taining 0.1 M potassium ferricyanide was used as the electrolyte
solution. Cyclic voltammetry was performed by sweeping the po-
tential between —0.3 and 0.8 V at a sweep rate of 0.1 Vs~

2.5. Capacitive measurements with PSA-MIP and Anti-PSA
electrodes

The capacitive measurements have been performed with an
automated flow-injection system (CapSenze HB, Lund, Sweden).
The capacitive electrode was inserted in the electrochemical flow
cell and connected to the platinum auxiliary and reference elec-
trodes. The capacitance measurement was performed via a current
pulse method, as previously described [23]. The theory of current
pulse technique is based on the principle of an electrical double
layer and the electrode—solution interface is based on an
assumption that the system could be described as a simple resis-
tor—capacitor circuit model. Current pulse technique offers some
advantages over the potential pulse technique. In the technique, the
use of microampere constant current is more favorable for the
electrodes to be resistant against external electronic disturbances
which can lead to inaccurate measurement and poor baseline sta-
bility. The calculation of capacitance does not depend on the
resistance value and the calculation is done in a simple and
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Fig. 1. Schematic representation of the microcontact imprinting of PSA onto the capacitive biosensor. (A) Preparation of the glass cover slips (protein stamps), (B) Preparation of the

capacitive gold electrodes and microcontact imprinting via UV polymerization.

accurate way because of the linearity of potential response to the
pulse of current. Four values of capacitance are calculated from one
cycle of current supply. Thus, a higher accuracy is obtained. The
analysis are completed in a shorter time period compared to
existing methods; wherein the resistance has to be calculated in the
first step, then the capacitance is determined by a logarithmic
equation. Due to this, different steps will prolong the analysis time
and lead to a higher inaccuracy of the capacitance measurements.
(Detailed information about current pulse method can be found in
Supplementary Information).

In the first step, a regeneration solution (25 mM glycine-HCl, pH
2.5) was injected into the system to regenerate the surface. This
step was repeated between each analyte injection. After injection of
running buffer to get a stable baseline, the standard solutions of
different concentrations of PSA (10 fg mL~'—100 ng mL~!) were
injected sequentially. The binding of the target protein (PSA) to the
electrode surface resulted in a decrease of the registered capaci-
tance and the change was calculated automatically by CapSenze
Smart Software (CSS). In all of the analyses, the flow rate was
100 pL min~! and the injected sample volume was 250 pL.

In order to evaluate the selectivity of the electrodes prepared by
two different methods, the responses of the capacitive system
against the other proteins — HSA and IgG were monitored. HSA and
IgG solutions were applied in singular manner and also in
competitive manner. The protein concentration was 1.0 ng mL~! for
each protein during analysis.

Real sample analysis was carried out on serum from healthy
humans. For this purpose, the blood sample was taken into test
tubes and then, centrifuged at 3300x g at room temperature for
10 min. Later on, the samples were passed from a filter with pore
sizes of 3 pm and stored in a deep freeze at —20 °C until use. The
collected healthy human serum samples were diluted with 10 mM
phosphate buffer (pH 7.4). Samples, in which PSA could not be
detected, were selected as blank samples. The other samples were
obtained by spiking standard PSA solution in blank human serum,
and then used for the analysis.

For the determination of reusability of the capacitive electrodes,
PSA was detected repeatedly, using the assay cycle regener-
ation—equilibration—injection, with PSA-MIP and Anti-PSA elec-
trodes. Reproducibility of the assays was evaluated by monitoring
the change in capacitance at repeated assays at the same concen-
tration of PSA, 1.0 ng mL~,

3. Results and discussion
3.1. Surface characterization of PSA-MIP capacitive electrodes

Surface characterization of PSA-MIP electrode was determined

by AFM, SEM and cyclic voltammetry.

AFM images of the bare surface and PSA-MIP electrode are
shown in Fig. 2A and B, respectively. As clearly seen from the fig-
ures, due to the polymerization process, a rough polymeric surface
was formed on the gold electrode. The surface deepness of the
electrode was increased from 6.90 nm, the surface deepness of bare
gold surface, to 232 nm determined by AFM measurements.

SEM images in Fig. 2C and D also show the polymeric surface on
the PSA-MIP electrode in different magnifications (3.00x and
5.00x).

Proper insulation of the electrode surface is crucial for the
design of capacitive biosensors [20—25]. Hence, defects in the layer
covering the gold electrode surface can allow the contacting solu-
tion to reach the electrode surface and thus to increase the level of
capacitance due to the high polarity of water. Cyclic voltammetry is
a valuable method to detect the degree of insulation of the elec-
trode surface [20—27]. Cyclic voltammogram of PSA-MIP capacitive
electrode is shown in Fig. 2E (CV characterization of Anti-PSA
capacitive electrode is shown in Supplementary Information,
Fig. SI 1). The redox couple was oxidized and reduced during
cycling of potential between —0.3 and 0.8 V at a scan rate of
0.1 Vs~ at the clean gold surface according to the curves in Fig. 2E.
The redox peaks decreased after each layer. Finally, treatment with
1-dodecanethiol reduced the redox currents substantially as seen
from the disappearance of the redox peaks in curve c in Fig. 2E. The
CV results show that the surfaces of the electrodes are insulated
well and they can be used in the subsequent capacitive
measurements.

3.2. Capacitive measurements with PSA-MIP and Anti-PSA
electrodes

PSA-MIP capacitive electrode was placed in the electrochemical
flow cell and it was connected to an automated flow-injection
system. 10 mM phosphate (pH 7.4) was used as the running buffer
which was continuously pumped through the flow system at a flow
rate of 100 pL min~ L PSA solutions containing different concen-
trations of PSA (10 fg mL~'—10 ng mL~!) were prepared in the
running buffer and sequentially injected into the capacitive system.
Each solution was injected for 3 times. After injection and equili-
bration period in totally 15 min, regeneration buffer, 25 mM
glycine-HCI (pH 2.5), was injected to regenerate the system during
2.5 min. After waiting 45 min for reconditioning and re-
equilibration of the system, a second injection period started
(Supplementary Information, Fig. SI 2). The capacitance graphs
were obtained by plotting the capacitance change (—nF cm2)
versus the logarithm of PSA concentrations (ng mL™1). In order to
obtain a reliable analytical signal, an average of the last five
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Fig. 2. Characterization of electrodes; (A) AFM image of bare gold surface, (B) AFM image of PSA-MIP electrode, (C—D) SEM images of PSA-MIP electrode, (E) Cyclic voltammogram
recorded in a solution of 100 mM KCl containing 100 mM Ks[Fe(CN)s] using: bare electrode (red-a), gold electrode after electropolymerization of tyramine (black-e), gold electrode
after surface modification with acryloyl chloride (purple-d), gold electrode after UV polymerization (blue-b), gold electrode after treatment with 1-dodecanethiol (green-c). The
scan range was from —0.3 to 0.8 V (vs. Ag/AgCl), at a scan rate of 0.1 V s~ . (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

capacitance readings was calculated. Fig. 3A shows the 15 min in- As seen from Fig. 3A, the decrease in capacitance increased with the
jection and equilibration period after injection of standard PSA increasing PSA concentrations. The binding of PSA to the electrode
solutions in the concentration range of 10 fg mL~! and 10 ng mL™". surface resulted in a decrease of the registered capacitance.
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1.

measured with Anti-PSA capacitive biosensor under optimum conditions (Flow rate 100 uL min~'; sample volume 250 uL; running buffer 10 mM phosphate, pH 7.4; regeneration

buffer 25 mM glycine-HCI, pH 2.5; T 25 °C).

CapSenze Smart Software was used to automatically calculate the
change in capacitance. As seen from Fig. 3A, when the PSA solution
was injected to the system, the capacitance started to decrease in
5 min and came to an equilibrium in 10 min. Thus, the injection and
equilibration period continued for 15 min. Then, a 45 min regen-
eration period was started (Actual sensogram is shown in
Supplementary Information, Fig. SI-2). The calibration graph that
shows the capacitance change vs. log concentration of PSA
(ng mL~1) is shown in Fig. 3B. The graph was drawn from the data
spots in Fig. 3A. The capacitance change (Y-axis) in Fig. 3B was
estimated from the capacitance change (Y-axis) in Fig. 3A. A linear
relationship was obtained between 1.0 x 10~% and
1.0 x 10' ng mL~! and the limit of detection (LOD) was determined
to be 8.0 x 107> ng mL~! (Fig. 3B), based on IUPAC guidelines [46].
The capacitance change in the studied concentration range was
linear with the regression equation of y = 0.3061x + 3.0379
(R?> = 0.9385).

Anti-PSA electrode was also tested for PSA detection. The
regeneration and running buffers were the same as the buffers for
PSA-MIP electrode. The conditions for the analysis were exactly the
same as the conditions for PSA-MIP electrode. PSA solutions con-
taining different concentrations of PSA (100 fg mL~'—100 ng mL™1)
were prepared in the running buffer and injected into the system
for three times. Fig. 3C shows the 15 min injection and equilibration
period. As seen from Fig. 3C, the decrease in capacitance increased
with the increasing PSA concentrations and a linear relationship
was obtained between 1.0 x 10~ and 1.0 x 10?> ng mL~. The LOD
was determined to be 6.0 x 10~% ng mL~! (Fig. 3D), based on IUPAC
guidelines [46]. The capacitance change in the studied concentra-
tion range was linear with the regression equation of

y = 0.1921x + 2.4643 (R? = 0.954).

The analytical performances reported in literature of different
biosensors used for PSA detection are shown in Table 1. The LOD
value of PSA-MIP electrode in this study is much lower than that of
the other methods.

3.3. Selectivity of the PSA-MIP and Anti-PSA electrodes against
competing proteins

In order to test the selectivity of the PSA-MIP and Anti-PSA
electrodes, HSA and IgG were used as the competing proteins, as
has been done in many earlier studies on PSA detection [47—61].
IgG and HSA are the dominating proteins in human serum. They are
found in the levels of mg mL~! where PSA is normally found as
4.0 ng mL~! in human serum. It is important to show the selectivity
of the developed sensor against proteins of 1-million fold higher
concentrations especially to test the applicability of the developed
sensor for clinical applications. For this purpose, aqueous solutions
of PSA, HSA and IgG proteins were injected into the system in
singular manner. Also, pre-mixed solutions having PSA/HSA, PSA/
IgG and PSA/HSA/IgG were injected into the system to test the
competitive binding between the different proteins and PSA.
Standard protein solutions were prepared in the running buffer and
the concentration was 1.0 ng mL~! for each of them. The molar
concentrations of the proteins used in the selectivity experiments
were: PSA (0.61 x 107 M), HSA (1.20 x 107'© M) and IgG
(2.71 x 10719 m).

As seen from Fig. 4A, the change in capacitance was very low for
the standard HSA and IgG solutions compared to that for PSA for the
capacitive electrodes. Pre-mixed protein solutions caused a lower
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Table 1

Comparison of analytical performances of different techniques used for PSA detection.
Method Detection limit Reference
Potentiometric immunosensor 0.04 ng mL™! [47]
Impedimetric immunosensor 0.73 x 103 ng mL™" [48]
Electrochemical immunosensor 0.5 ng mL~! [49]
Fluorescent immunosensor 0.1 x 103 ng mL! [50]
Electrogenerated chemiluminescence peptide-based biosensor 8 x 107 ng mL™! [51]
Dark field microscopy 45 % 1077 ng mL~! [52]
Chemiluminescent aptasensors 0.5 ng mL™! [53]
Microfabricated tin-film electrochemical sensor 0.12 ng mL™! [54]
Electrochemical Impedance Spectroscopy (EIS) 1ngmL™! [55]
Suspension array technology 0.047 ng mL~! [56]
Electrochemical immunosensor 1x 103 ngmL! [57]
Electrochemiluminescence Immunoassay 0.3 x 103 ng mL™! [58]
Capacitive immunosensor 3ngmL! [59]
Electrochemical immunosensor 0.6 x 103 ng mL™! [60]
Field-effect transistor (FET) biosensor 1.0 x 1074 ng mL™" [61]

Microcontact-PSA Imprinted capacitive biosensor

8.0 x 107> ng mL~! In this study

capacitance change compared to the standard PSA solution. The
difference could be stemmed from the competitive effects of the
other proteins. However, the electrodes could detect PSA in singular
manner and also under competitive conditions.

The results obtained from PSA-MIP electrode are similar to the
results obtained from the Anti-PSA electrode. The selectivity co-
efficients (k) were calculated as ACpsa/ACcompetitor- Relative selec-
tivity coefficient was calculated as kpsa-mip/Kant-psa for HSA and
IgG, respectively. The calculated selectivity coefficients for the two
electrodes are shown in Fig. 4B. According to the selectivity co-
efficients calculated for PSA versus HSA, PSA-MIP electrode is more
selective for PSA than Anti-PSA electrode. On the other hand, there
is not a big difference for the selectivity coefficients of two elec-
trodes for IgG. However, relative selectivity coefficients show that
the PSA-MIP electrode could detect PSA with a higher sensitivity
than what could be achieved with the Anti-PSA electrode. It is
important to emphasize that, in these experiments, the selectivity

Table 2
Recovery tests for PSA spiked in human serum samples (n = 3).

Samples Added PSA (pg/mL)  Found PSA (pg/mL)  Recovery (%)
Human serum 1 0.1 0.12 + 0.05 120
Human serum 2 1 09 +03 90
Human serum 3 10 10.8 + 0.2 108
Human serum4 100 103 + 0.1 103

and specificity of the MIP system was compared with the Anti-PSA
antibody immobilized system. Antibody immobilization is a
powerful and frequently used technique for the design of bio-
sensors. The relative selectivity coefficients (k') of 2.06 for HSA and
0.84 for IgG may be lower selectivity values when the MIP system is
compared with the NIP system. However, in our study, these values
indicate high selectivity and sensitivity since the MIP system was

A 4000
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7 3000 I
§ I
5 2500 I
= 1
2000
1 1
b 1500 u PSA-MIP
¢ b
g 1000 Anti-PSA
5
g S00
v
0
QL;N \bv. \9? _\‘-’v -\é’ “-\&
Q‘-F‘ Q‘sh _‘b
&
Proteins
B Protein AC (pF) AC (pF) Selectivity coeff (k) | Selectivity coeff (k) | Rel. selectivity coeff (k')
PSA-MIP Anti-PSA PSA-MIP Anti-PSA
PSA 3250 3000
HSA 1433 2730 227 110 206
186 1608 1250 202 2.40 084

Fig. 4. A) Selectivity of PSA-MIP and Anti-PSA capacitive biosensors against competitor proteins; HSA (human serum albumin) and IgG (immunoglobulin G) in singular and

competitive manner (protein concentration 1.0 ng mL~"; flow rate 100 pL min~'

; sample volume 250 pL; running buffer 10 mM phosphate, pH 7.4; regeneration buffer 25 mM

glycine-HCl, pH 2.5; T 25 °C), B) Selectivity coefficients of PSA-MIP and Anti-PSA electrodes [A: Capacitance change for the PSA-MIP and Anti-PSA electrodes, k: selectivity coefficient
for PSA versus competing proteins, k': relative selectivity coefficient for PSA-MIP electrode versus Anti-PSA electrode].
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Fig. 5. A) Reproducibility of the PSA-MIP capacitive biosensor (PSA concentration 1,0 ng mL~"; flow rate 100 uL min~'; sample volume 250 uL; running buffer 10 mM phosphate, pH
7.4; regeneration buffer 25 mM glycine-HCl, pH 2.5; T 25 °C), B) Reproducibility of the Anti-PSA capacitive biosensor (PSA concentration 1,0 ng mL~; flow rate 100 uL min~'; sample
volume 250 pL; running buffer 10 mM phosphate, pH 7.4; regeneration buffer 25 mM glycine-HCl, pH 2.5; T 25 °C).

compared with a powerful antibody immobilization technique,
which is based on antigen—antibody interaction.

3.4. PSA detection from human serum

In order to investigate the applicability and reliability of the
PSA-MIP capacitive biosensors for clinical applications, recovery
experiments were performed by detection of PSA spiked in human
serum samples. The results are shown in Table 2. A recovery was
obtained in the range of 90% and 120% for PSA-MIP electrode.
Serum contains a large number of biological substances like en-
zymes, hormones, antibodies etc. PSA detection on the fg mL™!
level is a successful result since undiluted serum sample or other
biological substances have a 1-million fold higher PSA concentra-
tion. Therefore, this detection limit indicates high detection
sensitivity.

3.5. Reproducibility

The PSA-MIP and Anti-PSA electrodes were evaluated in terms
of reproducibility by monitoring the capacitance change
(—pF cm™2) at the same concentration of standard PSA solution
(1.0 ng mL™"). After injection and equilibration periods, in total
15 min, regeneration buffer was injected during 2.5 min before

running buffer was used for reconditioning until a stable baseline
signal was achieved. The capacitance changes of the PSA-MIP and
Anti-PSA electrodes versus the number of injections are shown in
Fig. 5A and B, respectively.

The PSA detection activity of the PSA-MIP electrode retained
about the same level during 50 injections. Microcontact imprinting
method has an advantage of reducing activity loss of the template
molecule during the application [40—43,62]. The same PSA-MIP
electrode was used in whole experiments and triplicate measure-
ments were made for each analysis. This is a promising result as
hence, the PSA-MIP electrodes can be reused for PSA detection with
good reproducibility without significant loss in activity.

On the other hand, the same results could not be observed for
Anti-PSA electrode. In Fig. 5B, it can be clearly seen that the elec-
trode started to lose its activity after 25 injections. The most
important difference between the two methods, the microcontact
imprinting and the antibody immobilization technique, is the
ongoing detection performance of the microcontact-imprinted
electrodes.

4. Conclusion

In this study, a capacitive immunosensor was developed for
real-time, selective and sensitive detection of PSA with two
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different methods: microcontact imprinting of PSA and anti-PSA
antibody immobilization. PSA detection performances of the elec-
trodes prepared with the following methods were compared. The
electrode which was prepared with the microcontact imprinting
was better in detection, selectivity and reproducibility. The micro-
contact imprinting method does not require the protein to be
present in the monomer solution prior to polymerization, only a
small amount of template protein is required for the imprinting
process and this method has successful applications with the
macromolecular templates, like proteins. When advantages of the
capacitive immunosensor technology are combined with the ad-
vantages of the microcontact imprinting method, the resulting
system is very promising for the detection of biomarkers important
for diagnosis of various diseases in a rapid, highly sensitive and
selective manner.
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