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Wash-less and highly sensitive assay for prostate specific antigen detection
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A novel, simple and facile biosensor for prostate specific antigen (PSA) detection was constructed. In
this method, proteolytically active PSA is capable of cleaving PSA substrate-magnetic carrier
complexes. Electrochemical analysis of the sensor layer showed a significant decrease in impedance
signal after proteolysis has occurred, whereas a positive change in impedance was observed using a
negative control substrate, indicating the specificity of our detection mechanism. The biosensor has the
ability to monitor PSA concentrations ranging from 1 pgml~' to 1 ug ml~! with a detection limit as low
as 1 pgml~". The sensor offers the possibility of developing a wash-less and cost-effective point-of-care
device due to the simplicity of the probe immobilization process and the elimination of labeling and

reporter molecules during the biosensing step.

1. Introduction

Cancer is the second most common cause of death in the United
States, exceeded only by heart disease. In males, prostate
carcinoma is the leading cause of cancer-related deaths, aside
from lung cancer.’”® During prostate cancer screening, the PSA
level for healthy individuals is usually reported to be below 4 x
10° pg ml~'. However, when the PSA level is =10* pg ml™!, a
high probability of prostate cancer is indicated. Indeed, the
concentration range between 4 x 10° and 10* pg ml™' is
considered as a ‘gray diagnostic zone’.* Prostate specific antigen
(PSA) is a 30 kDa kallikrein-like serine protease produced by
both normal prostate epithelial cells and prostate cancer
cells.>” There are two types of PSA in body fluids, the
proteolytically active PSA and the inactive PSA, of which the
proteolytically active PSA is found to be a useful diagnostic
serological marker for the early diagnosis and monitoring of
prostate cancer.®°

Radical prostatectomy is often used to eradicate prostate
carcinoma. However, biochemical evidence of recurrent pros-
tate carcinoma may be seen in approximately 40% of patients
15 years after surgery.'’ More importantly, in recurrent pros-
tate carcinoma, an increase in PSA occurs nearly universally.'?
It has been proven that prostate cancer relapse could be iden-
tified approximately 1 year earlier in most patients with
recurrence if a PSA assay is capable of offering a detection limit
of <100 pg ml~'.1* Therefore, a facile and sensitive PSA
detection method represents one of the most promising
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approaches toward cancer reduction and so improving the
survival rate.

Currently, most PSA detection methods are based on
immunoassays including fluorescence,'* absorption* and elec-
trochemical'®'” approaches. Commercial immunoassays for
total PSA analysis include Abbott IMX'™ and Hybritech
Tandem E and R.* Furthermore, PSA analysis can be per-
formed with UBI Magiwel*® and Alpco Diagnostics.?! In
general, these detection methods offer good sensitivity but are
either time-consuming, expensive, complicated, not reproduc-
ible or cannot discriminate between the active and inactive
PSA.! Therefore, there is a distinct need for the development of
a simple, facile, inexpensive, highly sensitive (detection limit
approaching 1 pg ml™') and reproducible method for the
detection of proteolytically active PSA for detecting biochemical
relapse after radical prostatectomy.

The present work describes the development of simple, wash-less
and inexpensive electrochemical impedimetric PSA sensor. In this
detection method, the probe consists of a specific PSA substrate
peptide immobilized on a magnetic bead via covalent binding
upon coupling through its N-terminus and is attached onto the
gold sensor surface at the C-terminus. This construct results in a
layer of magnetic beads close to the sensor surface. Upon cleavage
of the probe peptide by PSA, the physical link between the
magnetic beads and the sensor surface will be abolished. An
external magnetic field will collect the cleaved magnetic beads
from the sensor surface as a result of protease-induced cleavage,
which in turn will result in a significant shift of the electrochemical
signal (Fig. 1). This label-free detection does not require a washing
or blocking step and offers high specificity and sensitivity.?
This very simple biosensing mechanism could be employed for
lab-on-a-chip (LOC) biosensor elaboration and will lead to an
efficient and reliable means of detecting clinically biochemical
relapse of prostate carcinoma after radical prostatectomy.
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Fig.1 Mechanism of PSA protease detection on the gold sensor surface.

2. [Experimental
2.1. Materials and reagents

Carboxyl-terminated beads of 30 nm diameter suspended in a
storage buffer (10 mM Tris base, 0.15 M NaCl, 0.1% (w/v)
bovine serum albumin (BSA), 1 mM ethylenediaminetetraacetic
acid (EDTA), 0.1% sodium azide, pH 7.5) were provided by
TurboBeads (Switzerland). Recombinant prostate-specific
antigen was purchased from Sigma-Aldrich (Ontario, Canada).
The peptide sequences (substrate peptide 1: GSGSGSG
SEHSSKLQLAKGSGSGSGSC; substrate peptide 2: GSGSGS
GSKALQLKSSHEGSGSGSGSC; control: GGGSGSGSARV
LAEAGGGSGSGSC) were synthesized at the Sheldon
Biotechnology Center at McGill University (Montreal, Canada).
The coupling agent 1-ethyl-3(3-dimethylaminopropyl) carbodii-
mide (EDC) and N-hydroxysuccinimide (NHS) were purchased
from Sigma (Ontario, Canada). The coupling buffer (10 mM
potassium phosphate, 0.15 M NaCl, pH 5.5) and wash/storage
buffer were prepared from chemicals of analytical grade. The
PBS buffer used for all electrochemical measurements was
composed of 0.1 mM Na,HPO,, 1.8 mM KH,PO,, 1.4 mM
NacCl, and 2.7 mM KCI.

2.2. Conjugation of the prostate-specific antigen substrate
peptide to magnetic beads

The magnetic beads suspension (1 ml) was mixed with each
peptide (1.0 mg ml™"), coupling agent EDC (0.57 mg ml™") and
NHS (12 pg ml~") with gentle shaking at room temperature for
24 hours. The uncoupled peptides were removed by washing the
beads 3 times using wash buffer. Finally, the beads were stored at
4 °C in storage buffer.

2.3. Electrode preparation and probe immobilization

The gold electrode surface was polished using alumina 0.05 um
for 20 min, incubated in ultra-pure water and placed in an
ultrasonic bath for 5 min. The electrode was then immersed in a
freshly prepared piranha solution (1:2, H,0,: H,SO,4) for
2 min and washed with ultra-pure water. Subsequently,
cyclic voltammetry in 0.1 M H,SO, was applied to the bare
gold surface with a potential ranging from 0 to 1.6 V using a

scan rate of 100 mV s~! for 30 rounds to ensure complete
removal of micro-pollutants through successive oxidation and
reduction of the gold surface. Finally, the cleaned gold
electrode was immersed overnight in the magnetic bead—peptide
solution at room temperature, washed with PBS buffer and
then placed in the electrochemical cell for subsequent
measurements.

2.4. Electrochemical characterizations

An Autolab potentiostat/galvanostat was used in order to
perform cyclic voltammetry and electrochemical impedance
spectroscopy techniques. The bare and modified gold surfaces
were analysed using cyclic voltammetry with a potential ranging
from —0.3 to 0.6 V and a scan rate of 100 mV s~ '. Electro-
chemical impedance spectroscopy was also applied at the
potential of 0.25 V in the frequency range of 100 mHz to 50 kHz
in order to characterize the magnetic bead—peptide deposition
and to perform PSA detection. All experiments were carried out
in a closed electrochemical cell inside a Faraday cage. The elec-
trochemical cell is composed of a working electrode (gold elec-
trode), a reference electrode (Ag/Ag*) and a control platinum
electrode. The magnet is permanently attached at the bottom of
the cell in order to attract free magnetic beads liberated during
the enzymatic cleavage reaction. The number of cycles in each
experiment was adjusted according to the stability of the elec-
trochemical signal. The NOVA software allows real-time visu-
alization of the electrochemical signal variation as well as data
acquisition and processing.

2.5. Biosensing of PSA

Different concentrations of PSA (0.1 pgml~!, 1 pg ml™!, 10 pg
ml~', 10> pg ml~!, 10° pg ml~!, 10* pg mI~", 10° pg mI~' and
10° pg ml™") were applied onto the recognition peptide mono-
layer of the sensor. Each cleavage reaction was monitored
through real-time measurement of the change in the couple
resistance/capacitance of the Nyquist plot. Modeling and theo-
retical calculation, as well as Nyquist and cyclic voltammetry
plots were produced with the NOVA software. Calibration plots
were established based on the values generated by the fitting
calculations of the experimental curves.

3. Results and discussion

Electrochemical impedance spectroscopy is an attractive
analytical method for the detection of various biomarkers due to
its ability to probe bio-chemical interactions occurring near the
recognition area of the electrode surface with high sensitivity and
simplicity.>*** The same technique can also be applied for the
characterization of the electrode surface. Indeed, microscopic
structural changes of the electrode surface due to the deposition
of materials would induce a significant variation in their elec-
trochemical behavior towards the electrical charges present
inside the measurement buffer.?® For this reason, we used faradic
impedance spectroscopy in order to take advantage of the
application of redox ions (Fe(CN)¢>~/Fe(CN)¢*") as a biocom-
patible electrochemical probe.
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Fig. 2 Cyclic voltammogram (a) and Nyquist plots (b) of the bare gold and bio-functionalized gold surfaces; (c) equivalent circuit of the bare gold

electrode and (d) equivalent circuit of the modified gold electrode.

3.1. Immobilization of the peptidic probe

We applied cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) in order to characterize the bare and modified
gold electrode surfaces. Fig. 2a shows a significant drop in the
oxidation and reduction peaks of the ferrocyanide redox couple
(Fe(CN)¢>~/Fe(CN)¢*) with respect to the bare gold, indicating
a partial faradic current blocking effect of ion diffusion due to
the presence of the magnetic bead—peptide layer on the gold
surface. The impedimetric characterization was in good agree-
ment with the cyclic voltammetry results. We were able to
recognize a marked increase in the Nyquist curve diameter as
well as a significant decrease in the Warburg diffusion after
incubation of the bare gold in the magnetic bead—peptide solu-
tion (Fig. 2b). These findings provided evidence for the covalent
bonding of the PSA substrate peptide with the bare gold through
the sulfur atom of the C-terminal cysteine. Indeed, it has been
proven that the gold-sulfur atom interaction is highly stable®®
which allows the establishment of a self assembled monolayer
(SAM) of peptide labeled with magnetic beads. The formation of
the magnetic bead—peptide monolayer can significantly perturb
the reduction and oxidation reactions of the ferrocyanide and
ferricyanide ions. The theoretical calculation of the experimental
curves shows also a difference regarding the electrical model
adopted for fitting purposes. In fact, the equivalent circuit cor-
responding to the bare gold includes the ohmic resistance of the
electrolyte solution (R1), the pure capacitance (C), the Warburg
impedance (W1) and the charge transfer resistance (R2),
whereas, for the functionalized gold surface, the pure capacitance

was changed with a constant phase element (CPE). This modi-
fication was made in order to consider the increase in the
roughness due to the non-homogenous quality of the deposited
layer®’” (Fig. 2¢ and d).

3.2. PSA biosensing

3.2.1. Detection of proteolytically active PSA. The introduc-
tion of different concentrations of PSA onto the functionalized
gold surface induced a gradual decrease in the charge transfer
resistance. Fig. 3a shows a significant drop in the Nyquist plot
diameters with increasing concentrations of enzyme. It was
possible to fit the electrochemical signals corresponding to the
modified gold electrode with an equivalent circuit composed of
2 resistances, 2 capacitances and Warburg impedance compo-
nents (Fig. 2d).

The decrease in charge transfer resistance was also observed
with another peptide sequence containing a PSA cleavage site
(Fig. 3b). The decrease in charge transfer resistance can be
explained by the change in the structure and the conformation of
our self-assembled monolayer upon PSA cleavage. The cleavage
of the peptide sequence led to the release of magnetic beads and
subsequently their attraction towards the magnet. The dissocia-
tion of magnetic beads from the electrode surface caused the
destabilization of the blocking organic/metallic monolayer,
resulting in an enhancement of the charge transfer rate of the
(Fe(CN)¢*~/Fe(CN)¢*") oxido-reduction reactions and a
decrease in the impedance signals. In the absence of PSA, no
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Fig. 3 PSA detection using immobilized substrate peptide 1 (a), substrate peptide 2 (b), control peptide (c) and blank experiment using PBS buffer

instead of PSA solution with 1 hour incubation (d).

change in the electrochemical resistance values was observed up
to one hour (Fig. 3d), indicating good stability and reliability in
the operational performance of the PSA sensor.

3.2.2. Specificity of the PSA biosensor. It is important to
assess the specificity of a biosensing mechanism. For this, we
constructed a monolayer with a peptide non-specific to PSA (a
HIV-1 protease substrate peptide lacking PSA cleavage site) and
tested it with the same range of PSA concentrations. Interest-
ingly, the results showed a gradual increase in the charge transfer
resistance represented by an augmentation of the diameter of the
Nyquist semi-circle (Fig. 3¢). According to our previous results
with the PSA-specific peptides, PSA cleavage would allow the
release of magnetic beads, their subsequent attraction by an
external magnet and consequently a decrease in charge transfer
resistance. An increase of the impedance signal, on the other
hand, could be due to the adsorption of materials on the gold
surface rather than dissociation. We speculate that the PSA
molecules were adsorbed non-specifically onto the bare gold
surface. However, its activity is too small to such an extent that
we are not able to recognize it within this huge electrochemical
effect of physical adsorption. Indeed, if we look at the variation
of the charge transfer resistance (R2) (Table 1) with different
concentrations, we can see that the rate of increase in the

impedimetric signal due to enzyme adsorption decreases with
PSA concentration, suggesting a minor cleavage of the non-
specific peptide that started to take place at higher concentra-
tions. It is noteworthy that at 1 x 10° pgml™! of PSA, we are still
able to observe an upper Nyquist plot with respect to our
sensitive monolayer baseline curve. This new electrochemical
behaviour is completely different from that observed when
specific sequences were tested confirming that the control peptide
is not cleaved by PSA and the increase in impedance is due to
PSA adsorption on the sensor surface.

3.2.3. Calibration plots. Based on the theoretical charge
transfer resistance values calculated for the 3 sequences, we are
able to define a new parameter named charge transfer resistance
variation (AR). AR corresponds to the difference in magnetic
bead—peptide layer resistance before and after enzyme addition.
The calibration plots (AR = f'(log[PSA])) for substrate peptides
1 and 2 showed a linear relationship with a detection limit as
low as 1 pg ml~! of enzyme. On the other hand, the control non-
PSA-specific peptide showed a sigmoidal dose-dependency
(Fig. 4). Establishing a calibration plot will facilitate the anal-
ysis and monitoring of unknown samples in prostate cancer
diagnosis. We also demonstrate in Fig. 4, the capability of the
PSA biosensor to distinguish two different substrate peptides

This journal is © The Royal Society of Chemistry 2012
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Table 1 Values of the electrical component parameters of the equivalent circuit for the non-specific peptide

Magnetic
bead +
Bare gold peptide 100 fgml™" 1pgml™' 10pgml™" 100 pgml™" 1ngml™" 10ngml 100ngml 1 pgml™’
Solution resistance  186.58 192.42 171.50 169.23 169.21 168.93 169.96 168.76 169.00 167.09
Rl (R) (Q) (2.326%)  (0.732%)  (0.854%) (0.869%)  (0.891%)  (0.915%) (0.928%)  (0.933%) (0.937%)  (0.962%)
Capacitance — 2.7923 2.6726 2.5426 2.4759 2.4249 2.3572 3.2957 2.2446 2.1998
(CPE) YO (uS) N (2322%)  (2.445%)  (2.447%) (2.507%)  (2.588%) (2.661%)  (2.694%) (2.756%)  (2.940%)
0.83608 0.84184 0.84661 0.85113 0.85527 0.85963 0.86351 0.86779 0.87054
(0.407%)  (0.428%)  (0.426%)  (0.435%)  (0.448%) (0.457%)  (0.460%) (0.468%)  (0.492%)
Charge transfer 690.23 16 852 21 366 22721 23 144 23 031 22310 21 941 20 780 18 025
resistance R2 (Q)  (5.147%)  (1.334%) (1.491%)  (1.503%)  (1.539%)  (1.578%) (1.589%)  (1.589%) (1.585%)  (1.605%)
Capacitance 885.73 — — — — — — — — —
(C) (nF) (5.176%)
Warburg 160.86 126.15 141.79 141.77 141. 8 141.35 142.92 142.05 143.66 143.15
diffusion (W) (uS)  (3.098%)  (3.965%)  (6.106%) (6.532%)  (6.826%) (6.977%) (6.949%)  (6.849%) (6.622%)  (5.976%)
6500 | = 4. Conclusions
5500 1 - In this report, we described a novel and low-cost method for
4500 prostate specific antigen (PSA) detection using a monolayer of
3500 1 PSA substrate peptide conjugated with magnetic nano-carriers
2500 | self-assembled on gold electrode surface. This configuration
1500 4 allows an easier manipulation of materials and eliminates
complex washing and blocking steps. The application of elec-
E . trochemical impedance spectroscopy (EIS) demonstrates the
%‘ 009 1 2 3 4 5 ¢ ability of the biosensor to analyze a wide range of PSA concen-

* Peptide 1

= Peptide 2

Log Concentration (pg / ml) non specific peptide

Fig. 4 Calibration plots: AR corresponds to the difference in magnetic
bead—peptide layer resistance before and after enzyme addition. The error
bar is corresponding to the percent relative standard deviation, and they
look very small.

due to the substrate specificity of PSA and thereby the sensi-
tivity of the biosensor. This indicates the potential application
of the PSA biosensor in drug discovery. In addition, with a
detection limit of 1 pg ml~' of enzyme within a short analysis
time (30 min), the PSA biosensor can serve as a template for
further development of lab-on-a-chip devices suitable for
prostate cancer diagnosis. In particular, to our knowledge, we
have achieved the lowest PSA detection limit with a one-step
biosensor setup. In fact, Liu er al.*® were able to detect 2 x
10 pg ml~! of PSA using horseradish peroxidase (HRP)
enzyme activity as a label in order to amplify the electro-
chemical signal measured during PSA detection; while, Yan
et al. recently applied the same technique (impedance spec-
troscopy) to detect PSA and succeeded in achieving a detection
limit of 2 pg ml~!. Nevertheless, these methods involved
complex procedures such as labeling with HRP, as well as the
introduction of gold nanoparticles as a second interface to
produce a larger surface area.”

trations (from 1 pgml~! to 1 pg mI™"), achieving a detection limit
as low as 1 pg ml~! with good specificity and reproducibility.
This PSA biosensing mechanism can be integrated with other
detection platforms and transducers that could potentially offer
improvement in sensitivity and specificity. The present biosens-
ing method provides very simple protease detection without
washing and/or blocking steps. This unique advantage is crucial
for the development of a cost-effective lab-on-a-chip device
suitable for point-of-care usage.
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