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a b s t r a c t

Highly sensitive and label free detection of prostate specific antigen (PSA) still remains a challenge in
prostate cancer diagnosis. In this paper, we propose a sensitive electrochemical immunosensor based on
electrocatalytic platinum nanoparticles conjugated to a recombinant scFv antibody. Gold disc electrodes
functionalised with a L-Cysteine (Cys) self-assembled monolayer (SAM) were used to covalently bind PSA
specific monoclonal antibody (anti-PSA) using N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide and
N-hydroxysuccinimide (EDC/NHS) chemistry. Immunosensing was completed using sandwich-type im-
munoreaction of the PSA–antigen (1–30 ng/mL) between anti-PSA immobilized on the L-Cys modified
electrode using label free electrochemical impedance (EIS) technique. Furthermore, highly specific in-
house generated scFv fragments as receptor proteins were utilised for one step site-directed im-
mobilisation on the surface of platinum nanoparticles (PtNPs). To improve the sensitivity of the im-
munoassay, these scFV labelled electrocatalytic PtNPs were then used for covalent hybridisation to the
PSA modified electrode and then applied in a hybridisation assay to determine the concentration of the
PSA by measuring the faradaic current associated with reduction of peroxide in solution. Semi-log plots
of the PSA concentration vs. faradaic current are linear from 1 to 30 ng/mL and pM concentrations can be
detected without the need for molecular, e.g., PCR or NASBA, amplification.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Prostatic carcinoma is accountable for many of the cancer-re-
lated deaths worldwide in elderly males (470 years of age)
(Sharma et al., 2015). Disease symptoms generally occur in ad-
vanced stages, making early detection desirable to reduce deaths
from cancer and improve therapeutic outcomes. Currently, Digital
Rectal Examination (DRE) and Prostate-Specific Antigen (PSA)
blood tests are the only U.S. Food and Drug Administration (FDA)
approved prostate cancer screening tools. The PSA test is a more
sensitive and better predictor of prostate cancer in comparison to
DRE or transrectal ultrasound (TRUS) (Catalona et al., 1994). PSA is
a neutral serine protease, glycoprotein consisting of 93% protein
and 7% sugar content. It exists in different forms in human body,
including free, and complexed with several proteinase inhibitors,
such as alpha-1-antichymotrypsin (ACT) and PSA-2-
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macroglobulin. Free PSA (f-PSA) and PSA complexed with ACT (90%
of all complexed forms) are the two dominant forms in the human
body contributing to the total PSA serum concentration. Though
PSA is a distinctive marker, there are many limitations associated
with its use as it is an organ-specific but not a cancer-specific
marker. In addition to the detection of excessive amounts of PSA in
cancer or malignant states, it is also detected in small quantities by
healthy prostate and in larger amounts in cases of a hyperplastic
prostate. The overlap in PSA concentrations between benign pro-
static hyperplasia (BPH) and organ-confined prostate cancer re-
stricts its usage for differential diagnosis, thus resulting in over-
diagnosis of clinically insignificant cancer. A study conducted by
Lilja (1995) demonstrated that the ratio of PSA–ACT to t-PSA is
significantly higher in cancer patients than in BPH and the ratio of
f-PSA to t-PSA was found to significantly lower in prostate cancer
patients. A potential solution to the current problem of distin-
guishing patients with BPH from prostate cancer involves the
determination of f-PSA levels. The measurement of the ratio of
f-PSA to t-PSA increases diagnostic specificity by 15–20% com-
pared with conventional method of measuring t-PSA.

Recombinant technologies have facilitated the generation of a
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wide variety of highly specific antibody-based diagnostic and
therapeutic tools. In general, these fragments combine the high
affinity and specificity of full-length antibodies with the stability
and ease of production of small molecules and possess unique
biophysical properties (Holliger and Hudson, 2005). The scFv is the
smallest antibody fragment that retains the full monovalent anti-
gen binding capabilities of the parent IgG (Omidfar and Da-
neshpour, 2015). ScFv antibody fragments are easily genetically
manipulated for engineering into larger, multivalent, bi-specific
and conjugated forms, with many diagnostic and clinical applica-
tions (Weisser and Hall, 2009). In spite of the various benefits of
recombinant antibodies, their application in the field of im-
munosensors is not well explored.

To date, the majority of PSA testing takes place at dedicated
laboratories on large, automated high-throughput systems. These
systems have the advantages of extremely low detection limits (in
the region of 0.05–0.005 ng/mL), proven reliability and high-
throughput of samples (Healy et al., 2007). However, a vital dis-
advantage associated with these large systems found in these
centralized laboratories, is the requirement for sample transpor-
tation to the testing site, delays in processing and reporting the
results back to the clinician (Kost, 1995). Therefore, the therapeutic
turnaround time (the time between the decision to test and the
therapeutic action taken on the test result) can often take several
weeks (Healy et al., 2007). The ideal situation, where results are
returned within a matter of minutes, could be facilitated through
the introduction of portable point of care devices. During the past
few years, a lot of efficient immunoassays detection methods have
been developed for the detection of PSA such as enzyme-linked
immunosorbent assay (ELISA) (He et al., 2015; Wang et al., 2015;
Matsumoto et al., 1999), radioimmunoassay (Chen et al., 2015),
time-resolved fluorescent assay (Soukka et al., 2001), chemilumi-
nescent immunoassay (Kim et al., 2014; Lee et al., 2010), biolu-
minescent immunoassay (Ito et al., 2007), electrophoretic (Kriz-
kova et al., 2011; Jung et al., 2007) and mass spectrometric im-
munoassays (Florentinus-Mefailoski and Marshall, 2014). Despite
the fact that all these methods could offer reliable test results for
PSA, most of these conventional immunoassays are reported to be
complicated, time-consuming, expensive, labor-intensive, low
sensitivities and improper for point-of-care applications (Akter
et al., 2012). The development of electrochemical immunosensors
for the detection of PSA in clinical applications can provide an
alternative to the conventional immunoassay procedures, (Kavosi
et al., 2015). Over recent years, much focus has been given to the
development of new materials for immobilizing increased
amounts of antibodies in order to enhance the efficiency and
sensitivity of immunosensors. A number of electrochemical im-
munosensors have emerged based on various new immobilisation
materials (Liu et al., 2008; Liu, 2008a, 2008b; Shen et al., 2011;
Mani et al., 2009; Salimi et al., 2013; Jang et al., 2015, Biscay et al.,
2015). In the current study, rather than developing a new material,
we increased the sensitivity and stability of the immunosensor by
reducing the size of antigen-binding molecules (antibody frag-
ments) thus resulting in a denser antibody layer on the platinum
nanoparticles. The obtained linear region (1–30 ng/mL) demon-
strates that the proposed immunosensor can easily detect the
prostate specific antigen in the clinically relevant range.
2. Experimental

2.1. Instrumentation

Voltammetry and AC impedance were performed using a CH
Instruments, Model 760E electrochemical workstation. A three-
electrode electrochemical cell was used at a temperature of
2272 °C. The working electrode was a 2 mm diameter planar gold
disc. It was polished with a nylon cloth with 1 mm diamond polish
and thoroughly rinsed with Milli-Q water and ethanol before so-
nication in Milli-Q water for 5 min. Voltammetry in 0.1 M H2SO4

was used to determine the surface roughness factor by scanning
the electrode between þ1.500 and �0.300 V. The counter elec-
trode was a large area coiled platinum wire and a silver/silver
chloride (Ag/AgCl in 3 M KCl) acted as reference. Scanning electron
microscopy was performed using a Hitachi S-3400N scanning
electron microscope. Non-faradic electrochemical impedance
spectroscopy (EIS) was utilised to characterize each stage of the
antibody-modified electrodes and to estimate PSA concentrations.
EIS measurements were carried out at the open circuit potential, in
1 mM Dulbecco's phosphate-buffered saline (DPBS) in the fre-
quency range of 0.01–100,000 Hz, with a 25 mV ac amplitude
using a conventional three-electrode cell placed inside a Faraday
cage.

2.2. Antibody selection and characterisation

The single chain fragment variable (scFv) libraries were gen-
erated, in the VL–VH orientation, as described by Andris-Widhopf
et al. (2000) by amplification of the variable genes from cDNA
synthesised from the spleen and bone marrow of a fPSA (Lee-
Biosolutions Inc., St. Louis, USA) – immunised adult leghorn
chicken. Clone B8 was isolated from a large library
(3.10�108 cfu/mL) following three rounds of selection from the
antibody repertoire displayed on the surface of filamentous phage
by immobilised panning using phage display.

The crystal structure of this antibody fragment was recently
solved to 1.4 Å and revealed scFv B8 to have a uniquely avian
binding site topology. Previously, detailed kinetic analysis was also
carried out using surface plasmon resonance (SPR) technology in a
capture approach (Conroy et al., 2014). B8 exhibits classical single
digit nanomolar affinity (KD:1.0170.12 nM) associated with
in vivo-matured antibodies (Conroy et al., 2014).

2.3. Preparation of antibody modified platinum nanoparticles

50 nm platinum nanoparticles, PtNPs, were functionalised with
1 mM aqueous L-Cysteine hydrochloride (L-Cys) for 12 h. Following
monolayer assembly the PtNPs were centrifuged down to a pellet
and rinsed thoroughly with 0.1 M Dulbecco's phosphate-buffered
saline (DPBS). The pellet was re-suspended in 5 mM sulpho NHS-
EDC for 15 min. Again, the PtNPs were centrifuged to form a pellet
and re-suspended into 1 mg/mL scFv antibodies.

2.4. Immunosensor fabrication on gold disc electrodes

Scheme 1 presents a schematic of the fabrication procedure for
the platinum-labelled PSA immunosensor. Following polishing and
electrochemical cleaning, L-Cys was adsorbed onto the gold elec-
trodes over 12 h. The modified electrodes were then rinsed thor-
oughly with 0.1 M DPBS and dried under a nitrogen stream. EDC/
NHS (5 mM/15 min) was then used to activate the reaction be-
tween the L-Cysteine and anti-PSA. The anti-PSA antibody was
attached by incubating the activated gold electrodes with a 50 mL
droplet of 1 mg/mL anti-PSA antibody solution for 1 h at 37 °C
(Scheme 1A).

2.5. Electrochemical detection of PSA antigen

The modified electrode was incubated at 37 °C with con-
centrations of PSA antigen from 1 to 30 ng/mL for 1 h (Scheme 1B).
After the capture of the PSA antigen, the electrocatalytic PtNPs
modified with the secondary antibody were bound to the primary



Scheme 1. Prostate specific antigen immunosensor based on capturing electrocatalytic platinum nanoparticles in a sandwich assay.
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antibody-target complex (Scheme 1C). PtNPs, the modified elec-
trode was placed in an aqueous solution of 0.01 M H2SO4 and the
current measured at �0.250 V after equilibration for 10 min. Then,
sufficient hydrogen peroxide added to give a final concentration of
200 mM and the current associated with peroxide reduction at the
bound PtNPs measured at �0.250 V after 10 minutes. The analy-
tical response is taken as the difference in current, Δi, measured
before and after peroxide addition.
Fig. 1. Cyclic voltammograms of (A) 2 mm unmodified gold electrode, (B) after
deposition of an L-Cys, (C) following Anti-PSA antibody conjugation, (D) PSA target
binding and (E) coupling of the scFv labelled PtNPs. In all cases, the supporting
electrolyte is 0.01 M H2SO4 and the scan rate is 100 mV s�1. The voltammograms
have been displaced vertically for clarity of presentation.
3. Results and discussion

3.1. Cyclic voltammetry

Fig. 1 illustrates cyclic voltammograms for the pristine elec-
trode as well as following modification with L-Cys, Anti-PSA, PSA
and PSA–scFv/PtNP modified electrodes when cycled in 0.01 M
H2SO4. The active surface area can be determined using voltam-
metry in 0.01 M H2SO4 as the supporting electrolyte by creating
and subsequently reducing a gold oxide monolayer on the un-
modified fraction of the electrode. The bare electrode shows well-
defined waves associated with gold oxide formation and reduction
at potentials of þ1.30 V and 0.87 V, respectively. The charge pas-
sed during the reduction of a monolayer of gold oxide is
390 mC cm�2 and, following correction for double layer charging,
the reduction peak yields an area of 0.038 cm2 corresponding to a
roughness factor (ratio of the microscopic to geometric areas) of
1.21.

The sulphur, carboxylic acid and amines of cysteine allow it to
bind effectively to many metals including gold. Typically, adsorbed
molecules inhibit the electron transfer and the charged adsorbate
can induce electrostatic repulsion/attraction of charged species in
solution (Luna et al., 2015). However, Fig. 1B shows that the peak
current for the gold oxide reduction is unexpectedly larger fol-
lowing exposure to cysteine. The microscopic electrode area fol-
lowing exposure to L-Cysteine (0.076 cm2) is significantly larger
than that found for the pristine surface (0.038 cm2). The same
electrochemical behaviour of L-Cysteine was observed by Felicia-
no-Ramos et al. (2010) on palladium and Qingwen et al. (2001) on
gold and most likely involves roughening of the gold surface
through loss of gold atoms due to cysteine binding. The L-Cysteine
modified electrode was then activated with EDC-NHS before in-
cubating with the anti-PSA antibody (Liu, 2008b). Fig. 1C shows
that incubation with anti-PSA, decreases the gold area from the



Fig. 2. Nyquist plots of a blank gold electrode (thin line) after L-Cys (bold line) and
Anti-PSA (dashed line) modification. The EIS were recorded in the presence of
1 mM DPBS at a frequency range between 0.01 Hz and 100,000 Hz using an ac
amplitude of 25 mV amplitude and the dc potential set to the open circuit poten-
tial. Inset: magnified view of semi-circles at high frequency.
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value of 0.076 cm2 found for the L-Cysteine modified electrode
(roughness factor of 2.4) to 0.067 cm2, i.e., the large antibody
partially blocks the electrode surface.

The electrode was then exposed to PSA analyte concentrations
of 1–30 ng/mL for 60 min. Significantly, as shown in Fig. 1D, in-
cubation with 1 ng/mL PSA for 1 h at 37 °C, caused the oxide re-
duction peak current to decrease by 21% while a 30 ng/mL solution
led to a decrease of 70.9%. This behaviour is consistent with the
PSA target binding to the surface immobilised anti-fPSA antibody
reducing the area available for oxide formation (Liu, 2008b).
However, this response decreases in response to an increasing
target concentration and the decrease in oxide area may not de-
pend linearly on target concentration due to other effects includ-
ing inhibited mass transport to the electrode surface to form the
oxide. Therefore, it was washed with 0.1 M Dulbecco's phosphate-
buffered saline (DPBS) and placed in a suspension of Pt nano-
particles labelled with single chain fragment variable (scFv) anti-
bodies that bind to the PSA-anti-PSA complex. Fig. 1E illustrates
the cyclic voltammograms following scFv/platinum nanoparticle
binding. In the forward scan, the onset potential for the formation
of gold oxide is 1.2 V. In the reverse scan, the reduction of gold
oxide occurs at þ0.9 V. Significantly, the reduction of platinum
oxide to metallic platinum is observed at approximately þ0.6 V
and the peak at approximately �0.3 V is attributed to hydrogen
adsorption/desorption from the platinum nanoparticle surface
(Spain et al., 2012). These two observations indicate successful
binding of the nanoparticles. Significantly, the microscopic area
following deposition of the platinum nanoparticles is 0.86 cm2, i.e.
the significant current differences increases by a factor of ap-
proximately 12.2 from experiments (d) and (e) implying that the
PSAwere successfully bound with the scFv/platinum nanoparticles
via covalent bonds.

3.2. Electrochemical impedance studies

Non-faradaic electrochemical impedance studies, EIS, are well
established for characterising charge transfer processes occurring
at the electrode-solution or modified electrode-solution interfaces
(Wang and Du, 2002). Changes in the EIS spectra can be related to
the change in resistance and capacitance of the interface thus
providing insights into the effects of surface modification (Andris-
Widhopf et al., 2000). EIS measures the system’s response to a
small amplitude sinusoidal excitation signal (amplitude 25 mV;
frequency range 100 mHz to 100 kHz) that is then modelled to
extract quantitative information (Braiek et al., 2012). Where there
is a redox active electrochemical probe in solution, Nyquist plots of
the real vs. the imaginary impedance typically a semicircle region
and a linear region. The semicircle diameter at higher frequencies
corresponds to the charge (electron) transfer resistance (Rct), and
the linear part at lower frequencies corresponds to the diffusion
process (Zhang et al., 2012). In the present study, Nyquist plots
were utilised to study (i) the change in charge transfer resistance
(Rct) after L-Cys self-assembled monolayer formation and anti-fPSA
immobilisation (Fig. 2) and (ii) the change of charge resistance,
with changing concentration of PSA (Fig. 3). A dilute electrolyte,
0.001 M DPBS, was utilised for EIS so that the double layer thick-
ness was comparable to the thickness of the antibody-target-sec-
ondary antibody layer thus making the measurement sensitivity to
changes occurring within that film (Luna et al., 2015; Venkata-
narayanan et al., 2013). In particular, this dilute concentration of
electrolyte ensures both the cell resistance (intersection of the
right-hand side of the Nyquist semicircle with the x-axis) and the
capacitances are strongly dependent on the PSA concentration
(surface coverage).

3.2.1. Impedance measurements for the modification of anti-fPSA/L-
Cysteine/gold electrodes
Non-faradaic electrochemical impedance studies measure-

ments were employed to characterize the formation of SAMs of
cysteine and attachment of anti-PSA antibody onto a gold elec-
trode. The EIS measurements were performed in a solution of
1 mM DPBS at open circuit potential at ac amplitude of 25 mV and
the frequency range was from 0.01 Hz to 100 kHz. The Nyquist plot
consists of an imaginary part (Z″) and real part (Z′). The plot is
composed of a semicircle at high frequency and linear region at
lower frequency, which describe the resistance to charge transfer
and diffusion-limited process, respectively.(Catalona et al., 1994)
The diameter of the semicircle represents the charge transfer re-
sistance (Rct) at the electrode surface which can be correlated with
modification of the surface. The inset of Fig. 2 illustrates a poorly
defined semicircle measured at bare gold corresponding to an Rct
of 214Ω. Significantly, following modification with L-Cys, a well-
defined semi-circle is observed (Fig. 2, bold line) corresponding to
a resistance of 1295Ω. This result is consistent with adsorbed
cysteine partially blocking the electrode surface (Chornokur et al.,
2011). After the L-Cys modified electrode was incubated with Anti-
PSA antibody (1 mg/mL for 1 h) there was an obvious increase of
the semicircle compared with the electrode without antibody
(Fig. 2, dashed line). The presence of Anti-PSA hindered the effi-
ciency of electron transfer, suggesting that Anti-PSA had been
immobilized on the surface of the modified electrode.



Fig. 3. (A) Bode plot and (B) Nyquist plots as the PSA concentration is system-
atically varied from 1 to 30 ng/mL. The EIS were recorded in the presence of 1 mM
DPBS using an ac amplitude of 25 mV amplitude and the dc potential set to the
open circuit potential. The frequency range was between 0.01 Hz and 100,000 Hz.
Inset Fig. 3B: equivalent circuit model used to fit electrochemical impedance
spectroscopy data. A magnified image of this Nyquist plot highlighting 1–18 ng/mL
PSA concentrations are shown in Supplementary information (Fig. S2).
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3.2.2. Impedance measurements for the detection of PSA
Non-faradaic electrochemical impedance spectroscopy (EIS)

can also be used to monitor antibody-antigen interactions (Li et al.,
2015) with greater sensitivity being observed when the data are
analysed using a Bode plot, i.e., the dependence of the impedance
on the frequency. The biosensor was first utilised to detect PSA
molecules in 1 mM DPBS in the concentration range 1 –30 ng/mL
(Fig. 3A and B). This range was chosen, 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 L-Cys./Anti-PSA electrode was incubated in
PSA solution for 60 min, followed by DPBS washing and EIS spectra
recording using 1 mM DPBS (1 mM, pH 7.4) Significantly, the cor-
responding Bode plots (Fig. 3a) show a decrease in the total im-
pedance as the PSA concentrations increase.

Typical Nyquist plots (Z″ vs. Z′) are shown in Fig. 3B. In order to
extract the resistance values of the PSA layer the EIS data was
fitted using the equivalent circuit model (ECM) described in
Fig. 3B. The circuit consists of the solution resistance (Rsol) in
series and a component for the resistance of the monolayer/anti-
PSA/PSA layer on the electrode surface (Rm). The circuit uses
Constant Phase Elements (CPE) instead of pure capacitors to ac-
count for surface defects on both the electrode surface and the
monolayer/anti-PSA/PSA layer. The impedance of a CPE is given by
ZCPE¼Q�1(jω)�α where Q is the magnitude of the capacitance of
the CPE, ω is the angular frequency, and α is a real number
between 1 and 0 (the closer α gets to 1 the more ideal the capa-
citive behaviour of the CPE). The solid lines in Fig. S1, SI above
correspond the fitted values obtained using the equivalent circuit
and they are generally in very good agreement with the measured
data (points) and return χ2 values below 3�10�3, demonstrating
an agreement with the equivalent circuit model with the data.
Fig. 3B clearly show that the charge transfer resistance increases
with increasing PSA concentration. This increase is attributed to
the binding of PSA to immobilized anti-fPSA antibody on the
electrode, producing a barrier layer that inhibits the charge
transfer.

In comparison to the Bode plot described above, it is noted that
as Rct increases for the Nyquist plot (Fig. 3B), the corresponding
capacitance decreases (Fig. 3A) and it is this lower capacitance that
dominates the response observed in the Bode plot. Both of these
observations are consistent with PSA successfully binding to the
modified electrode displacing ions and solvent thus reducing the
interfacial capacitance while increasing the charge transfer re-
sistance. Significantly, changes in the total impedance can be re-
liably detected for concentrations below 10 ng/mL. The low limit of
detection shown in Fig. 3A and B without the use of an electro-
chemical or optical label is extremely important in prostate cancer
diagnosis since it could enable early detection. PSA values above
10 ng/mL are regarded as positive and indicate a high probability
of prostate cancer. Therefore, early stage detection can provide a
significant impact on reducing patient mortality.

3.3. scFv-platinum nanoparticle modification of the PSA sensor

As illustrated in Scheme 1, we report on a free prostate specific
antigen immunosensor based on capturing electrocatalytic plati-
num nanoparticles in a sandwich assay. These electrocatalytic
particles allow determination of concentrations of the free pros-
tate specific antigen in the clinically relevant range by measuring
the faradaic current associated with reduction of peroxide in so-
lution. The in-house generated scFv fragments as receptor proteins
ensured high specificity and allowed one step site-directed im-
mobilisation on the surface of Pt nanoparticle.

After the capture of the antigen-PSA, platinum nanoparticles
modified with scFv were allowed to bind to the modified surface
to produce a sensor capable of producing an electrocatalytic signal
that can be readily detected electrochemically. Fig. 4 illustrates the
cyclic voltammogram obtained for the L-Cys/Anti-PSA/PSA/scFv-
PtNP electrode assembled where the concentration of PSA ranged
from 1 to 30 ng/mL. In the absence of the PSA target, only peaks
corresponding to gold oxide formation and reduction are observed
at potentials of 1.3 and 0.8 V, respectively. This result indicates a
low propensity for the platinum nanoparticles that are modified
with the scFv to non-specifically bind to the electrode surface.
Significantly, when the PSA target is present a second set of peaks
corresponding oxide formation and reduction on the platinum
nanoparticles are observed after scFv binding. The specific active
area associated with platinum oxide peak at 0.2 V increased with
the increase of PSA concentration (1–30 ng/mL) indicating that the
number of nanoparticles immobilised depends on the PSA con-
centration in the sandwich assay. Concurrently, the gold oxide
peak associated with the underlying gold electrode (0.8 V) di-
minished as increasing scFv–PtNPs were hybridised onto the
electrode with increasing PSA concentrations, indicating a rela-
tively high surface coverage of nanoparticles. These cyclic vol-
tammograms exhibit excellent reproducibility and linearity of the
peaks of oxidation and reduction, related to the presence of the
hybridised scFv/PtNPs to the PSA modified electrode. While the
bound target and secondary antibodies can be displaced and the
sensor surface regenerated using a pH controlled wash, surfactants
or chaotropic agents our focus is firmly on single shot sensors



Fig. 4. Cyclic voltammograms for the L-Cysteine/Anti-PSA/PSA/scFv/PtNP modified
electrodes as the concentration of PSA is increased from 1 to 30 ng/mL.

Fig. 5. (A) Nyquist plots recorded in 1 mM DPBS (pH 7.4) in the frequency range
from 0.01 Hz to 100,000 Hz for a 2 mm diameter electrode modified with primary
antibody and exposed to 30 ng/mL PSA before and after binding of the scFv mod-
ified-PtNPs. (B) The effect of PSA concentration on the impedance response of the
immunosensor after PtNP hybridisation in 1 mM DPBS.
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suitable for use with blood samples making regeneration of the
sensor of minor importance. The use of highly electrocatalytic
nanoparticles that generate an easily measured current even for
low surface coverages, means that little reagent is needed, redu-
cing cost and reducing the need to regenerate the sensor i.e., this
detection strategy is single shot.

Fig. S3, SI shows SEM images of scFv modified PtNPs bound to
the modified electrode surface as the concentration of PSA is
systematically varied. The density of PtNPs on the electrode sur-
face depends on the PSA concentration, e.g., only a few isolated
nanoparticles are observed where the PSA concentration in
1 ng/mL but this density per cm2 increases with increasing PSA
concentration. A large number of PtNP clusters were found for the
higher target concentration. This clustering is not due to drying
phenomena since the particles are pinned on the surface by the
primary antibody-target-secondary antibody (on PtNP) interac-
tions and most likely arises due to either non-uniform deposition
of the primary antibody or electrostatic interactions between the
nanoparticles.

3.3.1. Impedance measurements for the interaction of PSA with scFv–
PtNPs

Binding of the platinum nanoparticles labelled with the single
chain fragment variable (scFv) antibodies would be expected to
change the impedance (both resistance and capacitance) proper-
ties of the interface perhaps allowing a more sensitive detection
than the label free situation considered in Section 3.2.2. The
spectra in Fig. 5A show the relationship between the real and
imaginary component of the complex impedance and consists of
an intercept on the real axis (Z′) at high frequency, which
corresponds to the solution resistance and contributions for the
connections to the electrode. As frequency decreases we see the
beginning of a semi-circular arc from high to low frequencies,
which correspond to the capacitive and resistive properties of the
electrode. As shown in Fig. 5A, after binding of the antibody
modified PtNPs (dashed line), Rct decreases from the value of
105Ω observed for gold electrode modified with primary antibody
and exposed to a solution of 30 ng/mL PSA to 104Ω (bold line)
after binding of the PtNPs labelled with the scFv. This decrease in
Rct can be attributed to the electrically conducting properties of
PtNPs. Significantly, Fig. 5B shows that the charge transfer re-
sistance of the film decreases systematically in response to an
increasing PSA concentration before reaching a limiting value
above approximately 20 ng/mL.

3.3.2. Electrocatalytic detection of PSA
The nanoparticles confined on the electrode surface by anti-

body-antigen interactions are capable of electro catalysing the
reduction of hydrogen peroxide generating a current whose
magnitude is directly proportional to the number of nanoparticles
on the surface that depends directly on the concentration of PSA.
The difference in the reduction current observed following PtNP
binding, Δi, was measured before and after the addition of 200 mM
hydrogen peroxide in a solution of 0.01 M H2SO4. The relationship



Fig. 6. Calibration curves for the electrocatalytic detection of PSA on a 2 mm dia-
meter bare electrode following binding of electrocatalytic PtNPs modified with scFv
antibodies (n¼3). Inset: Amperometric i–t curve for 1 and 27 ng/mL PSA following
binding of electrocatalytic PtNPs modified with scFv antibodies. Δi represents the
difference in current from the i–t transients before and after addition of the H2O2 in
0.1 M H2SO4 at an applied potential of �0.250 V. Where error bars are not visible,
they are smaller than, or comparable to, the size of the symbols and is o15% in all
cases.
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between the current responses toward PSA concentration is shown
in Fig. 6. The sensor response, i.e., the electrocatalytic current
reaches a steady state value within 20 s where the concentration is
1 ng/mL increasing to 180 s where the PSA concentration is
27 ng/mL (Fig. 6 inset) is demonstrated. Significantly, once the
steady state current is reached it remains stable for periods up to
100 s when the local concentration of the hydrogen peroxide oc-
curs. Moreover, the response is insensitive to the non-specific
binding of proteins within the sample because the electrocatalytic
reaction tends to trigger it's desorption. Significantly, the catalytic
current increased linearly (R2¼0.9949) with the PSA concentration
from 1 to 30 ng/mL. The best fit least squares regression line is
y¼11.970.95xþ3.073.06) indicating a high sensitivity and a low
non-specific background current.

The low detection limit may be attributed to a number of fac-
tors. First, the capture efficiency of the PtNPs modified with the
scFv is relatively high as illustrated in Fig. 6. Second, the platinum
nanoparticles efficiently catalyse the reduction of hydrogen per-
oxide, i.e., only a small number of nanoparticles per unit area are
required to generate a substantial current that is easily measured
above the background. The high current density observed in Fig. 6
indicates that heterogeneous electron transfer from the platinum
nanoparticles to the underlying electrode is relatively facile. The
electrocatalytic current is also likely to be enhanced by efficient
radial mass transfer of H2O2 to the metal nanoparticles.

3.4. Limit of detection

The quantitative estimation for the in-house recombinant scFV
antibodies was confirmed by ElISA. The Limit of Detection (LOD) is
a well-established parameter used to characterise an analytical
method. It is defined as the lowest analyte concentration likely to
be reliably distinguished from the limit of the blank (LOB) and at
which detection is feasible. Anti fPSA scFv B8 Limit of Detection
(LOD) was determined in accordance with the Clinical and La-
boratory Standards Institute's (CLSI) published guidelines “EP17,
Protocols for Determination of Limits of Detection and Limits of
Quantification” (Armbruster and Pry, 2008). The LOD of anti-fPSA
scFv B8 was determined to be 0.03 ng/mL by carrying out 24 re-
plicates of a sandwich ELISA assay (Table S1 and Fig. S4, SI).
3.5. Anti-fPSA scFv B8 cross reactivity assay

To ensure anti-fPSA scFv B8 was specific for fPSA and not cross
reactive with cPSA a sandwich ELISA was performed, as for the
LOD assay (See Method in SI). Varying concentrations of cPSAwere
included in the assay, along with a control antigen (3% BSA), to
provide confidence in the results obtained (Fig. S5, SI). Anti-fPSA
scFv B8 is highly specific for fPSA and does not cross react with
cPSA or the control antigen, as can be seen in Fig. S5, SI. Varying
concentrations of fPSA/cPSA (20–0 ng/mL) were captured on a goat
anti-PSA polyclonal coated ELISA plate. Binding of anti-fPSA scFv
B8 was then detected with the secondary antibody, anti-HA fol-
lowed by addition of the liquid substrate TMB. The absorbance was
read at 450 nm. scFv B8 does not cross react with cPSA. Negative
control was 3% (w/v) BSA was substituted for PSA (Neg Control).
4. Conclusion

Detection of prostate specific antigen based on electrocatalytic
platinum nanoparticles conjugated to a highly specific in-house
generated recombinant scFv antibody was successfully developed.
The nanoparticles confined on the electrode surface by antibody-
antigen interactions were capable of electro catalysing the re-
duction of hydrogen peroxide generating a current whose mag-
nitude is directly proportional to the number of nanoparticles on
the surface that depends directly on the concentration of PSA.
Additionally, binding of the platinum nanoparticles labelled with
the recombinant scFv antibodies changed the impedance (both
resistance and capacitance) properties of the interface allowing a
more sensitive detection than the label free assay. Future work will
focus on measurements in whole blood. Given the excellent se-
lectivity of the scFV and the insensitivity of the current response to
nonspecific binding, there is reason to be optimistic about the
sensor’s performance in these clinical samples.
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