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This paper reports the successful fabrication of an impedance-based miniaturized biosensor and its application for ultrasensitive
Prostate-Specific Antigen (PSA) detection in standard and real human plasma solution, spiked with different PSA concentrations.
The sensor was fabricated using photolithographic techniques, while monoclonal antibodies specific to human PSA were used as
primary capture antibodies. Electrochemical impedance spectroscopy (EIS) was employed as a detection technique. The sensor
exhibited a detection limit of 1 pg/ml for PSA with minimal nonspecific binding (NSB). This detection limit is an order of
magnitude lower than commercial PSA ELISA assays available on the market. The sensor can be easily modified into an array for the
detection of other biomolecules of interest, enabling accurate, ultrasensitive, and inexpensive point-of-care sensing technologies.

1. Introduction

Prostate cancer is one of the most widespread cancerous
malignancies amongst the male population in the United
States [1]. Prostate cancer is the second leading cause (after
lung cancer) for all cancer-related deaths amongst males.
On average, males in the United States have 1 : 6 odds of
being diagnosed with prostate cancer during their lifetime
[2]. Currently, there are only two approved prostate cancer
screening methods: Digital Rectal Examination (DRE) and
Prostate-Specific Antigen (PSA) blood test [3]. DRE, how-
ever, possesses low sensitivity and is a function of the skills
of the doctor conducting the examination. Additionally, due
to hesitation amongst males to undergo the “invasive” exam
and variability in the skill levels of the doctors, DRE in many
instances leads to the diagnosis of advanced noncurable
tumors [4]. Hence, clinicians are increasingly turning to
less invasive blood-based diagnostics tests (e.g., serum PSA),
which [3] have led to tremendous improvements in early
detection and reduced prostate cancer-related mortality
and morbidity [5]. The epidemiological importance of

prostate cancer therefore warrants a faster, cheaper, and more
accurate sensing device for the PSA-based prostate cancer
screening and detection.

The generally accepted technique for PSA detection is
Enzyme-Linked Immuno Assay (ELISA). However, ELISA
and its variations have a detection limit in the high-
picomolar ranges. Detection techniques which employ chro-
matography principle, while offering potentially lower detec-
tion limits, are expensive, laborious, and time intensive and
are not suited to both routine screening applications and
point-of-care diagnostics [6]. As a response to the need
for better and sensitive detection methods, numerous novel
detection techniques have recently emerged [7]. A proposed
alternative to conventional ELISAs is the use of nanoparticles,
which has shown promise to achieve lowered detection limits
[8, 9]. These methods, however, share some of the drawbacks
of chromatography: increased cost, labor, and analysis time.
In addition, the inability to reliably estimate a number of
nanoparticles attached to one detector biomolecule has made
it difficult to quantify the results.
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Electrochemical biosensors constitute a promising group
of sensing devices that allow increased sensitivities, low cost,
low analysis times, affordability, and miniaturized platforms
[10–17]. There are numerous electrochemical techniques
currently being researched towards applications in biosen-
sors, which are described in detail elsewhere [18–27].
Among them, Electrochemical Impedance Spectroscopy-
(EIS-) based detection is gaining significant interest as a
label-free technique for sensitive measurement of target
analytes [28]. EIS is a powerful and sensitive technique used
to characterize surface-modified electrodes and for the inves-
tigation of electrochemical systems and processes [29]. It uses
periodic small AC amplitudes and responds to signal change
caused by the binding of target analytes to primary antibod-
ies immobilized on the surface of the electrodes [30, 31].

This paper reports successful development of an impe-
dance-based miniaturized biosensor for PSA detection. The
biosensor exhibited a detection limit of 1 pg/ml for PSA in
human plasma. This sensitivity is an order of magnitude
lower than the most sensitive commercial ELISA on the
market [32]. Average detection time with the sensor for one
sample is around 45 minutes, compared to at least 2.5 hours
for a standard ELISA [32]. This research has also addressed
and minimized the issue of nonspecific binding (NSB).

2. Materials and Methods

2.1. Chemicals and Reagents. Dithiobis(succinimidyl pro-
pionate) (DTSP) and sodium borohydride (NaBH4) were
purchased from ThermoFisher Scientific. Purified PSA pro-
tein (product # 7820-0604), Monoclonal PSA antibody
(anti-PSA, Mab, product # 7820-0217), and monoclonal
cortisol antibody (product # 2330-4839) were procured
from Abd Serotec. Phosphate buffered saline (PBS) tablets
were purchased from Sigma Aldrich. SU-8 50 resist was
purchased from Microchem Corp. Blocking buffers (general
low-level BB1 and Neptune Block BB2) were obtained from
Immunochemistry Technologies, LLC. All other chemicals
were of analytical grade and were used without further
purification. PBS solution (10 mM, pH 7.4) was prepared
by dissolving 1 tablet in 200 ml of deionized water. Working
solutions of PSA, anti-PSA, and anticortisol were prepared
by dilution in PBS (10 mM, pH 7.4).

2.2. PSA Sample Collection and Storage. Human serum and
plasma samples, collected at Moffitt Cancer Center and
participating clinics, were used in this study. The study
was approved by an Institutional Review Board (IRB), and
informed consent was obtained from all participants prior to
a blood draw. The deidentified samples were obtained from
African-American males with clinically diagnosed Prostate
cancer (cases), and with no clinical evidence of Prostate
cancer (controls). Samples were labeled, aliquoted, and
stored at deep freezer (−80◦C) until further usage according
to the Moffitt Cancer Center guidelines [33]. None of the
samples have undergone more than 2 freeze-thaw cycles. All
samples were tested for PSA in triplicates using commercial
ELISA kit and the values were recorded.

2.3. Measurement and Apparatus. Electrochemical impe-
dance spectroscopy (EIS) was utilized to characterize the
EA/Anti-PSA/DTSP/IDµE bioelectrode and to estimate PSA
concentration. EIS measurements were carried out at equi-
librium potential without external biasing in the frequency
range of 0.5–105 Hz with a 5 mV amplitude using Autolab
Potentiostat/Galvanostat (Eco Chemie, Netherlands). EIS
measurements were carried out using 65 µl of PBS solution
(10 mM, pH 7.4) containing a mixture of 5 mM Fe(CN)4−

6

(Ferrocyanide) and 5 mM of Fe(CN)3−
6 (Ferricyanide) that

is 5 mM Fe(CN)3−/4−
6 as a redox probe. In present studies,

Nyquist plots have been utilized to study the change in charge
transfer resistance (Rct) at sensor-solution interfaces with
changing concentration of PSA.

2.4. Test Chip Fabrication. The Biosensor test chips were
fabricated on an oxidized 4′′ silicon wafer using standard
photolithography techniques, as described previously [34,
35]. Briefly, Cr/Au (200/2000 Å) layers were deposited using
e-beam evaporation and were patterned through lift-off
(Figure 1(a)). IDµE with 5 µm wide electrode fingers and
with a pitch of 10 µm were used in this work. As a final
step, an SU8 chamber was patterned around the electrodes
using the SU8 50 resist to create a sample well around these
electrodes, and hard baked at 200◦C to improve its resistance
against hard solvents like acetone. Figure 1(b) shows the
actual photograph of a Biosensor reagent chamber under
optical microscope (10x).

2.5. Self-Assembled Monolayer (SAM) Preparation and
Antibody Immobilization. The process was conducted as
described previously [35, 36]. Briefly, the Biosensor chips
were precleaned with acetone, isopropyl alcohol, and de-
ionized water, and exposed to 2 mg/ml solution of DTSP
in acetone for 1 hr for SAM formation. DTSP solution
was first reduced using NaBH4 and then dispensed on the
precleaned chips at room temperature. The DTSP SAM
modified electrodes were then rinsed with acetone to remove
any unbound DTSP followed by rinsing in water. The elec-
trodes were then utilized for antibody immobilization. PSA
antibodies were covalently attached to DTSP self-assembled
monolayer by incubating the electrode in 65 µl of 1 µg/ml
antibody in PBS solution (10 mM, pH 7.4) for 1 hr. Covalent
binding (amide bond formation) results from the reaction
between amino group of antibody and reactive succinimidyl
group of the DTSP on the SAM surface. The sensor (Anti-
PSA/DTSP/IDµE) was washed thoroughly with PBS (10 mM,
pH 7.4) to remove any unbound biomolecules followed by
a 10-minute washing with ethanolamine (EA) (1%). EA
was used to block any unreacted succinimidyl groups on
DTSP SAM and to remove extra unbound antibodies onto
the electrode surface. Figure 2 schematically illustrates (a)
IDµE chip, (b) step-by-step immunochemical reaction on
the electrode surfaces, and (c) proposed detection system.
The fabricated detection limits were characterized using
electrochemical impedance technique. Each sample was run
in triplicates to ensure reproducibility, and an average result
of three runs was used.
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Figure 1: (A) Biosensor fabrication process flow: (a) RCA clean Si wafer, (b) thermal oxidation to grow 500 nm SiO2 as an insulation layer,
(c) apply photoresist, (d) expose and pattern photoresist, (d) deposit Au using electron beam (e-beam) evaporator with a thickness of 200 nm
and lift-off photoresist to get patterned Au electrodes, (f) apply photoresist, (g) pattern photoresist, and (h) finally deposit Ag using e-beam
evaporator with thickness of 200 nm and lift-off is used to remove photoresist and excess metal on top of it. (B) Biosensor actual view under
a microscope (10x): (1) gold working interdigitated electrodes; (2) silver pseudoreference electrode; (3) gold counter electrode; and (4) SU8
reagent chamber.
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Figure 2: Biosensor. (a) Testing chambers with patterned microelectrodes on Si substrate (6 reagent chambers incorporated into one
platform); (b) brief schematic illustration of step-by-step immunochemical reaction on the electrode surfaces; (c) proposed detection system.
The multichannel potentiostat is used to scan each reaction chamber on Biosensor.

It is noteworthy, that due to the small size of the IDµE
chip, any change in the sample volume or in the nature of
the solutions or dielectric properties of material may affect
the results of sensing. Therefore, in the present work, all
experiments were carried out under identical conditions of
solution volume and materials, and change in charge transfer
resistance (difference of before and after external incubation
of PSA concentration) for PBS containing Fe(CN)3−/4−

6
(measurement buffer) was measured for PSA estimation.
As all the conditions were kept identical during EIS mea-
surement and change in signal was used for estimation,

the factors such as solution volume or material get cancelled.
Hence, the change in the EIS signal is attributed solely
to changing PSA concentration which on interaction with
surface bound antibody results in formation of the insulating
layer on the surface, thus causing increase of charge transfer
resistance for measuring buffer.

3. Results and Discussion

3.1. Biosensor Testing with the PSA Solutions in PBS. Biosen-
sor was first utilized to detect PSA molecules in PBS in
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Figure 3: Initial test with PSA concentrations in PBS. (a) EIS spectra for: (i) buffer, (ii) 1 pg/ml, (iii) 10 pg/ml, (iv) 1 ng/ml and (v) 10 ng/ml;
(b) normalized standard curve for data shown in the Figure 3(a).

the concentration range 1 pg/ml–10 ng/ml (Figure 3(a)).
This range was chosen empirically, based on the interest for
meeting both current needs in PSA sensitivity (usually up
to 10 ng/ml in clinics) and establishing the lower detection
limit. For each concentration, the EA/Anti-PSA/DTSP/IDµE
bioelectrode was incubated in PSA solution for 30 minutes,
followed by PBS washing and EIS spectra recording using
PBS (10 mM, pH 7.4) containing 5 mM Fe(CN)3−/4−

6 as
a redox probe. From Figure 3(a), it is clear that Rct

(diameter of the Nyquist plots) increased with increasing
PSA concentration. The increase in Rct is attributed to
the binding of PSA to immobilized anti-PSA on EA/Anti-
PSA/DTSP/IDµE bioelectrode, producing a barrier layer that
inhibits the charge transfer for a redox probe, as relative
change in EIS data has more significant information than
absolute value for sensing applications. The change in Rct

was used for calibration. A plot of the change in Rct values
and the logarithm of PSA concentrations reveal a linear
detection range for PSA concentrations in the range of
1 pg/ml to 10 ng/ml (data not shown). A calibration curve
for normalized data is shown on the Figure 3(b).

Due to lack of industrial level controls during micro-
fabrication and chemical activity, variations in impedance
of individual electrodes and antibody modified electrodes
were observed. Therefore, to confirm that the observed
change in impedance was due to surface modification and
not due to superimposed effects, the data was normal-
ized to charge transfer resistance for desired concentration
[(Rct(Ci))]/[charge transfer resistance of blank EA/Anti-
PSA/DTSP/IDµE bioelectrode (Rct(Co))]. In Figure 3(b), plot
of (Rct(Ci))/(Rct(Co)) versus the logarithm of cortisol con-
centration shows the results of triplicate set. After normal-
ization, all electrodes with different impedances for detection
limits with attached antibodies exhibited similar response
within the 4% error for each concentration. The normalized
data curve (Figure 3(b)) can be characterized using a linear

relation; Rct(Ci)/Rct(Co) = 7.50 + 0.579 log CPSA. It reveals
the linear range of 1 pg/ml to 10 ng/ml with the detection
limit of 1 pg/ml and correlation coefficient of 0.959. Further,
to account for the variation in initial impedance values of
individual electrodes and to avoid superimposed effects of
multielectrode measurement, all experiments were carried
out using a step-by-step approach to increase PSA concen-
tration. Similar step-by-step concentration studies have been
reported by other researchers and help avoid superimposed
effects of multielectrode measurement [37–42].

As is seen from Figure 3(b), the correlation coefficient
for the calibration curve is 0.959, suggesting a relatively
weak linear trend. This effect can be attributed to the
interfering effects of Nonspecific binding (NSB) which is
a common obstacle in all bioassays, employing immuno-
logical affinity principles. In this study, general BSA-based
(BB1) and increased strength nonmammalian proteins-
based (BB2) blocking buffers and 30 to 60 min blocking
times were studied. However, no significant change in NSB
interference was observed with the introduction of different
blocking techniques or extra strength blocking buffers (data
not shown). To handle NSB issues in a better way, new
experiments with diluted serum as blocking were designed
and performed.

3.2. Human Plasma Testing with Biosensor. It was hypothe-
sized that a human plasma sample, even when substantially
diluted, will have enough proteins to block the initial elec-
trode and can minimize subsequent NSB during bioassays.
Hence, in order to address the NSB issues, a real plasma
sample with very low PSA concentration of 0.4 ng/ml was
diluted 1000 times with PBS. This solution was then used
as a diluent for the rest of the experiments. The level of
PSA in the diluents was an order of magnitude lower than
the concentration of PSA in samples, thus ensuring that
diluent PSA does not interfere with sample PSA detection.
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Figure 4: Impedance spectra for PSA sensing in human plasma
sample for concentration (i) buffer, (ii) diluent (0.4 pg/ml), (iii)
1.4 pg/ml, (iv) 10.4 pg/ml and (v) 100.4 pg/ml.

It was observed that the use of diluent and blocker masked
major NSB issues and established that sensors can be used
with human serum samples without a loss in sensitivity
and selectivity. To perform the experiments, diluent was
subsequently spiked with different PSA concentrations.
Based on previous results (Figure 3), 1; 10 and 100 pg/ml of
PSA were chosen as initial testing points. Knowing that PSA
concentration in the diluent was 0.4 pg/ml, the actual PSA
values in the samples were 0.4, 1.4, 10.4, and 100.4; pg/ml.

The testing was carried out in the same low to high
concentration order as described earlier for standard PSA
solutions. The results shown in Figure 4 reveal a clear
dependence of the impedance resistance with increasing
PSA concentration, indicating PSA binding. Each step was
resumed after PBS washing to ensure complete removal of
unbound molecules.

It is important to note that due to a pilot nature of
this work, no formal statistical analysis was performed. The
overall testing procedures with Biosensor were as follows: (1)
SAM formation on gold electrode; (2) anti-PSA incubation
+ wash + impedance reading; (3) base solution (“blocker”,
0.4 pg/ml PSA) incubation + wash + reading; (4) 1 pg/ml
incubation + wash + reading; (5) 10 pg/ml incubation +
wash + reading; (6) 100 pg/ml incubation + wash + reading.

Figure 5 presents the calibration curve for data obtained
from Figure 4 where before first run bioelectrode was treated
and blocked with diluent and it is clear from Figure 5 that
there is a strong linear concentration dependence on the
impedance increase in resistance with increased PSA concen-
tration. The correlation coefficient for this experiment was
found to be 0.995, indicating strong linear dependence. The
normalized data curve (Figure 5) can be characterized using
Rct(Ci)/Rct(Co) = 5.50 + 3.458 log CPSA.

3.3. Selectivity Studies. Selectivity is a major and well-known
pitfall in biosensing techniques. To ensure the selectivity of
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Figure 5: Normalized curve for data obtained from EIS studies
for different PSA concentrations with 1000 times diluted human
plasma as blocker and diluent.
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Figure 6: The interference studies of EA/Anti-PSA/DTSP/IDµE
bioelectrode using anti-cortisol as interfering protein at concentra-
tion (i) buffer, (ii) 1 pg/ml, (iii) 10 pg/ml, (iv) 100 pg/ml, and (v)
1000 pg/ml.

PSA binding, increasing concentrations of cortisol antibody
solutions in PBS were tested on the electrodes functionalized
with captured anti-PSA. Anti-cortisol was selected as a ran-
dom protein which can contribute to nonselective binding
with 0; 1; 10; 100 and 1000 pg/ml solutions of anti-cortisol in
PBS. The testing was done in identical conditions. Ideally, no
increase in resistance should be observed if NSB is completely
absent. The results shown in Figure 6 reveal a slight increase
in resistance with increasing anti-cortisol concentrations.
However, the observed change is very low as compared to
PSA (15.5% highest increase compared to 312% increase for
lowest PSA concentration), indicating that NSB is in fact
present although negligibly small.
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4. Conclusions

It has been shown that the EA/Anti-PSA/DTSP/IDµE
bioelectrode-based, impedimetric electrochemical immun-
osensor, can be used for ultrasensitive and selective PSA
detection. EA/Anti-PSA/DTSP/IDµE bioelectrode exhibits
linear behavior in the concentration range of 1 pg/ml to
100 pg/ml with detection limit of 1 pg/ml. This detection
limit is an order of magnitude lower than the most sensitive
commercially available PSA ELISA kit on the market.
The average analysis time of 45 minutes is shorter than
commercial ELISA (at least 2.5 hrs). The usage of diluted
plasma sample as a diluent and blocker allowed masking
of major NSB issues. The sensor was found to be selective
against cortisol antibody in the concentrations 1–1000 pg/ml
and was tested as a proof of concept with the human plasma
sample, spiked with increasing PSA concentrations. The
same principle could be applied for the detection of other
biomolecules of interest.
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