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Abstract

An electrochemical aptasensor is described for the detection of prostate specific antigen (PSA). The aptasensor is based on the use
of hemin-functionalized graphene-conjugated palladium nanoparticles (H-Gr/PdNPs) deposited on a glassy carbon electrode.
The nanocomposites integrate the high electrical conductivity of graphene with the easily functionalized surface chemistry of
PdNPs and their excellent catalytic property. The hemin placed on graphene acts as both a protective agent and an in-situ redox
probe. The PANPs provide numerous binding sites for the immobilization of DNA-biotin via coordinative binding between Pd
and amino groups. A sensitive and specific PSA assay was attained by immobilizing the PSA aptamer via biotin-streptavidin
interaction. The resulting aptasensor has a linear response that covers the PSA concentration range from 0.025 to 205 ng-mL ™",
with a 8 pg'mL ™" lower detection limit (at —0.362 V, scan rate: 0.1 mV-s ', S/N =3). The method was applied to the quantitation
of PSA in spiked serum samples, giving recoveries ranging from 95.0 to 100.3%.
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Introduction

Prostate specific antigen (PSA), an important cancer biomarker,
has been utilized for diagnosis of prostate diseases, such as
prostatic cancer, prostatitis and prostatic hyperplasia [1, 2].
The common concentration of PSA in serum is 4.0-10 ng:
mL™" for healthy men [3-5]. Any disruptions of prostate will
affect the release of PSA into the blood stream and cause the
total PSA level to exceed the cut-off value ultimately.
Therefore, highly sensitive and specific methods for PSA de-
tection have great significance for early accurate diagnosis of
prostate disease and protect the prostate disease from worsen-
ing sequentially [6]. To date, the methods for measuring PSA
include electrochemical immunoassay [7], immune-sensors,
fluorescence [8], surface plasmon resonance [9], mass
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spectrometry [10] and electrochemical aptasensor [11-13].
Comparatively, electrochemical aptasensors are much superior
due to the advantages of low cost and simple device portability
of electrochemical method together with the high affinity and
specificity of aptamers and their corresponding targets [14].

In order to improve the sensitivity of the analytical method,
a large number of nanomaterials have been employed due to
their advantages of high surface areas, high loading of receptor
molecules and unique electro-catalytic properties [15, 16]. For
instance, Esmaeil presented an electrochemical aptasensor to
detect PSA based on rGO-MWCNT. The sensor exhibited
good selectivity towards co-existing molecules [13]. Rahi fab-
ricated an electrochemical aptasensor with gold-nanospears
which was successfully applied to detect PSA [11].
Graphene, as an excellent electrically conductive nanomaterial,
has been used as the most common enhanced material for the
electrochemical sensors. In particular, a series of graphene-
based composites, such as graphene-metal nanoparticles and
graphene-metal oxide nanocomposites have triggered extreme
interest in electrochemical sensor because they displayed syn-
ergic effect of catalytic characters of both graphene and metal
nanomaterials [17, 18]. PANPs were widely used in many fields
owing to their high surface areas, good biocompatibility, excel-
lent electro-catalytic activity and high electrical conductivity.
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Therefore, introducing PANPs into the sensor will enhance the
electron transfer rate and amplify electrochemical signal as well
as providing binding sites for aptamers through coordinate
bond between Pd and -NH,. Additionally, the biotin-
streptavidin system is constantly utilized to enhance the detec-
tion sensitivity. Streptavidin (SA) can act as an adaptor for
linking any kind of biotinylated molecule to a lipid monolayer
due to high-affinity between biotin and streptavidin.
Furthermore, the improvement of the sensitivity is owing to
four binding sites of SA for biotin binding on the SA
[19-21]. Inspired by this idea, we postulate that biotin-
streptavidin system is able to offer more sites to increase the
primer/aptamer ratio, so as to achieve a higher sensitivity.

Another important factor for the construction of the sensitive
sensor is the in-situ probes. Hemin, a well-known natural
metalloporphyrin, has the peroxidase-like activity similar to the
peroxidase enzyme. It also possesses predictable rigid structures,
which would combine with graphene by hydrogen bonding and
7t interactions. Particularly, hemin can be used as electron media
based on the reversible redox of Fe(Ill)/Fe(Il). Therefore, intro-
ducing hemin in the nanocomposites not only prevents graphene
from aggregation but also provides an in-situ electrochemical
probe through the reversible hemin,/hemin,qq pair.

In the present work, a signal amplified electrochemical
aptasensor was developed for PSA detection based on
hemin-functionalized graphene-conjugated palladium nano-
particles (H-Gr/PdNP). The nanocomposites integrate the
high electrical conductivity and large surface area of
graphene, easily functionalized surface and admirable catalyt-
ic property of PANPs together with the excellent redox prop-
erties of hemin [22]. The DNA-Biotin can attach to the H-Gr/
PANP electrode via the interaction between Pd and -NH,.
Then SA is immobilized on the DNA-biotin surface.
Subsequently, PSA aptamers (PSAa) are firmly assembled
on the electrode by biotin-streptavidin interaction. Therefore,
the signal of hemin gradually declines due to the layer-by-
layer coverage of PSAa, SA and DNA-biotin. When PSA is
added, some PSAa-SA-DNA-biotin is pulled off from the H-
Gr/PANP modified electrode by the interaction of PSA and
PSAa. Thus the peak current enhances. According to the
changes of the peak current, an electrochemical aptasensor is
established with broad linear range and good specificity. This
sensing strategy offers a promising way to determine PSA in
clinical diagnostics.

Materials and methods
Materials and instruments
Graphite was purchased from Alfa Aesar and hemin from

Aladdin-reagent Co. (Shanghai, China, www.aladdin-e.com).
Poly(dimethyl diallyl ammonium chloride) (PDDA, Mw =
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400,000-500,000, 20 wt% in water) was purchased from
Sigma-aldrich Co. (Louis, USA, www.sigmaaldrich.com) and
K,PdCl, was obtained from Beijing Chemical Reagent Factory
(Beijing, China, www.crc-bj.com). Prostate specific antigen
(PSA) was purchased from EMD Millipore Corp. Billerica,
MA (USA, www.millipore.com). Bovine serum albumin
(BSA), human serum albumin (HSA), thrombin, intravenous
gamma globulin (IgG) and carcinoembryonic antigen (CEA)
were obtained from Sigma-aldrich Co. (Louis, USA, www.
sigmaaldrich.com). The human serum samples were provided
from the local hospital. The PSA aptamer (PSAa): 5'-biotin-
TTT TTA ATT AAA GCT CGC CAT CAA ATA GCT TT-3'
[23, 24], DNA-Biotin: 5-biotin-TAT AGT CGA TCC GGA-
(CH,)s-NH,-3’ was purchased from Shanghai Sangon Biotech
Co., Ltd.(Shanghai, China, www.sangon.com) and dissolved in
Tris-buffer (20 mmol-L ! Tri-HCl, 0.10 mol-L ™! NaCl, 5.
0 mmol-L ™" MgCl,, pH=7.4). Streptavidin (SA) was pur-
chased from BBI Life Science (www.bbi-lifesciences.com).
All reagents were analytical grade, and water used throughout
all experiments was purified with the Millipore system (18.
2 MQ-cm, Millipore water Ltd., USA, www.millipore.com).

UV-vis absorption spectra were recorded on a U-3010 spec-
trometer (Hitachi, Ltd., Tokyo, Japan, www.hitachi.com.cn).
Fourier-transformation infrared (FT-IR) spectra were recorded
on a Shimadzu 8400S spectrometer (Shimadzu, Kyoto, Japan,
www.shimadzu.com). The morphology of the nanocomposite
was recorded on a JEOL-2100 TEM (Electron Ltd., Tokyo,
Japan, http://www.jeolusa.com) with an accelerating voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) measurement
was performed on an ESCALAB-MKII 250 photoelectron spec-
trometer (VG Co., New York, USA) with Al Ko X-ray radiation
as the X-ray source for excitation. Electrochemical measure-
ments were conducted on a Princeton Applied Research (PAR
4000, PMI-500) Workstation (AMETEK America, www.
princeton applied research.com) with a conventional three-
electrode system composed of a bare or modified glassy carbon
electrode (GCE, 3.0 mm in diameter, Shanghai Chenhua
Instrument Co., China; www.chinstr.com) as the working
electrode, and a platinum wire and a saturated calomel
electrode (SCE) as the counter electrode and the reference elec-
trode, respectively.

Synthesis of the hemin-functionalized graphene
(H-Gr) and H-Gr/PdNPs

The graphite oxide (GO) was synthesized from graphite powder
according to a modified Hummers method [25]. H-Gr was pre-
pared via 7t interactions between reduced graphene oxide (rGO)
and hemin. Briefly, 2.5 mL of 1.0 mg'mL ™" GO was mixed with
25mL 1.0 mg-mLfl hemin, then 100 uL. of ammonia solution
and 10 pL of hydrazine solution were added into above. The
mixture was sharply shaken for 15 min and heated at 60 °C for
3.5 h. The stable black suspension was obtained and the
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supernatant with impurities were removed by centrifugation
(12,000 rpm, 9576 g) to obtain H-Gr. Then, the precipitate was
washed for two times with deionized water and dispersed readily
in water by ultra-sonication eventually.

The H-Gr/PANP was synthesized as follows: 50 pL of
PDDA (4 wt%) was added into 2.0 mL of 0.25 mg-mL_l H-
Gr aqueous dispersion in a 10 mL reaction system and stirred
for a few minutes. Then 200 pL of 10 mg'mL ™" K,PdCl, was
added into the vial. After several minutes, 2.0 mL of 20 mmol-
L' freshly prepared NaBH, solution was slowly added to the
mixing solution. After stirring for 30 min, the H-Gr/PdNP was
precipitated by centrifugation and washed two times with dis-
tilled water.

Construction of the biosensor

Prior to modification, GCE was polished to a mirror-like sur-
face with 0.03 um and 0.05 pm alumina powder. Then,
8.0 uL of 0.5 mg'mL ™" H-Gr/PdNP dispersion was carefully
dropped on the surface of the GCE to obtain H-Gr/PdNP/
GCE. Subsequently, 8.0 pL of 5.0 umol-L™' DNA-Biotin
was cast onto H-Gr/PANP/GCE and stored at 4 °C in a refrig-
erator overnight. Then, the electrode was immersed in 1.0%
BSA for 30 min to block the possible remaining active sites
and eliminate nonspecific binding sites. Thus, the electrode of
DNA-Biotin/H-Gr/PANP/GCE was obtained. After that,
10 pL of 1.0 pg'mL " SA solution was dropped on the above
electrode for 1.0 h at room temperature via streptavidin-biotin
affinity. Finally, the electrode was immersed in 30 uL of
5.0 pmol'L ™' PSAa for additional 1.0 h at 4 °C and the elec-
trochemical biosensor of PSAa-SA-DNA-Biotin/H-Gr/PdNP/
GCE was constructed successfully.
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Analysis of PSA

PSA solutions with different concentrations were added
into electrolyte solution, and then incubated with the
PSAa-SA-DNA-Biotin/H-Gr/PANP/GCE for 60 min at
room temperature. Differential pulse voltammetry
(DPV) was conducted to express the response for the
PSA by measuring the peak current changes. DPV mea-
surements were recorded from —0.8 V to 0 V with the
parameters of amplitude: 50 mV, pulse width: 0.050 s.
All the electrochemical measurements were conducted
with the same procedures mentioned above. And the
whole experiment was performed in 0.10 mol-L™" phos-
phate buffered saline (PBS, pH 7.4) containing 0.9%
NaCl.

Results and discussion
The strategies of the biosensor for PSA detection

The process for fabricating PSAa-SA-DNA-Biotin/H-Gr/
PANP/GCE and the electrochemical sensing platform is
shown in Scheme 1. H-Gr is prepared by a wet-chemical
reaction under alkaline condition according to the litera-
ture [26]. Hemin, with a large planar aromatic surface, can
stabilize graphene by 7t interactions. It also can be used as
electron media through the reversible hemin,,/hemin,.q
pair. Introducing PdNPs into H-Gr can improve electron
transfer and enhance the electrochemical signal [27]. They
are also able to provide binding sites for DNA-Biotin
immobilization, which subsequently conjugate with SA

\\DNA-Biotin\ BSA

Streptavidin

PSAa PSA

Streptavidin

Scheme 1 The procedure for the synthesis of H-Gr/PANP nanocomposites and the schematic diagrams of the electrochemical aptasensor for PSA

detection
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by the strong affinity of biotin-streptavidin. Thus, the
peak current decreases markedly owing to non-
conductivity of DNA-Biotin and SA. After PSA is bound
to the SA-DNA-Biotin/H-Gr/PdNP/GCE, the electron
transfer is impeded. Upon addition of PSA, the PSAa on
the electrode surface will recognize the target specifically.
Some PSAa-SA-DNA-Biotin has been pulled down from
the H-Gr/PdNP due to the weaker interaction of coordi-
nation bond. Simultaneously, the signal of hemin in-
creases with the increase of PSA concentration. Thus, a
signal amplified electrochemical aptasensor was fabricat-
ed successfully for PSA detection.

Choice and characterization of hemin-functionalized
graphene conjugated to palladium nanoparticles
(H-Gr/PdNPs)

Choice of materials

A large number of nanomaterials have been employed to im-
prove the sensitivity of the analytical method. Graphene has been
used as the most common enhanced material for the electro-
chemical sensors. However, pure graphene makes it easy to ag-
gregate. Hemin can stabilize graphene from aggregating and
provide redox probe for electrochemical detection.
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G1/PdNP; (B) Pd 3d and (C) C 0 250 500 750 1000 1250 324 330 336 342 348 354
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PANP/GCE (curve e); PSAa-SA- E; 21 pd 3 ) 165 E
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200 ng'mL ™' PSA solution (curve 8 14 8
f) 1.10
0 -4 W
250
1.C-C(284.5 ¢V)
601 C 2.C-N(285.4 ¢V) D b
~ " 3.C-0(286.3 eV) €t
2 45 4.C=0(287.3 eV) L 200 <=EL
> 5.0-C=0(288.6 eV) | =z
K a E
2 307 ¢ 150 E
g S
S 15
L 100
0.0
2790 2835 2880 2925 297.0 060 048 -036 024 012
Binding Energy (eV) Potential / V

@ Springer



Microchim Acta

Page 5 of 8
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Additionally, PANPs have the advantages of high loading of
receptor molecules and unique electro-catalytic property. In the
present work, PANPs can improve the catalytic performance
effectively comparing to gold nanoparticles and platinum nano-
particles. They also can provide binding sites for DNA immobi-
lization. Therefore, H-Gr/PdNP is a promising material for the
construction of an electrochemical PSA sensor.

Characterization of H-Gr/PdNPs

H-Gr/PdNPs were characterized by UV-vis spectroscopy. As
shown in Fig. 1A, hemin (curve a) contains a maximum ab-
sorption at 380 nm which is the typical characteristic peak
corresponding to the Soret band. A series of weak absorption
bands from 500 nm to 700 nm are attributed to the Q-bands of
hemin [28]. K,PdCl, solution (curve b) displays a narrow peak
at 220 nm. GO dispersion (curve c) exhibits a strong absorption
approximately at 230 nm and a shoulder at around 290 nm,
which attribute to the 7t-7t* transition of aromatic C-C bonds
and the n-7t* transition of the C=0 bonds, respectively. After
forming H-Gr/PdNPs (curve d), the absorption peak of GO
shifts from 230 nm to 270 nm and a peak at 441 nm appearing
observably, which correspond to the Soret band of hemin with
a large bathochromic shift (61 nm). This illustrates that there
are 7 interaction between Gr and hemin. The result

-0.30 001 01 1 10 100

¢ /ng-mL'1

confirms the formation of H-Gt/PdNPs. FT-IR spectroscopy
also provides some significant information for the successful
synthesis of H-Gr (Fig. S1).

TEM shows the morphology of H-Gr/PANP nanocompos-
ites. As displayed in Fig. 1B, PdNPs are distributed evenly on
the surface of H-Gr and the mean size of PdNPs is about
10 nm. This result suggests that PANPs are successfully at-
tached on the surface of H-Gr. The higher resolution TEM
image of H-Gr/PdNP is shown in Fig. S2. The lattice struc-
tures of palladium nanoparticles can be observed clearly.

XPS was employed to further characterize the constit-
uent and oxidation states of H-Gr/PdNP nanocomposites.
The survey of H-Gr/PANP shows the presence of Cls,
Ols, N1 s, Fe2p and Pd3d (Fig. 2A). Pd3ds,, and
Pd3d;,, (Fig. 2B) appears at 335.6 eV and 340.8 eV, re-
spectively [29]. There are five kinds of carbon bonds: C-C
(284.5 eV), C-N (285.4 eV), C-O (286.3 eV), C=0
(287.3 eV) and O-C=0 (288.6 e¢V) in the Cls spectrum
(Fig. 2C). All the above states further imply successful
preparation of H-Gr/PdNP.

Stepwise characterization of the aptasensor

To obtain insights on the changes of the stepwise aptasensor,
DPYV was recorded to characterize the aptasensor. As shown in

Table 1 The comparison of

different analytical methods for Platform Detection Method Linear Range LOD Reference
PSA detection (ngmL™) (pgmL ")
Apta—MIP sensor EIS 0.1-100 1 [12]
SPCE/MoS,-QD/ PSAAb EIS 1x107°-300 0.01 [30]
G-rich DNA aptamer Chemiluminescence 1.9-125 1000 [31]
conjugated 6-FAM
TH/HRP-pAb DPV 0.1-100 200 [32]
AuNP / 96-well/SA/MBs Cleavage of the 0.08-7 30 [33]
peptide
H-Gr/PANP-DNA-Biotin-SA-  DPV 0.025-204.8 8 This
Aptasensor work
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Fig.4 Selective investigations of the aptasensor for PSA detection. Inset:
DPVs of the biosensor respond to the interferents. Error bars show the
standard deviations of measurements taken from three times (Amplitude:
50 mV, pulse width: 0.050 s)

Fig. 2D, H-Gr electrode exhibits a distinct oxidation peak at
—0.362 V attributing to the oxidation of hemin (curve a) and
the peak current dramatically increases after modifying with
H-Gr/PdNP (curve b). When DNA-Biotin and SA are modi-
fied on the H-G1/PANP/GCE successively, the oxidation cur-
rents decrease obviously (curve ¢ and d) ascribing to the non-
conductivity of the biomolecular. After modifying PSAa on
the surface of the SA-DNA-Biotin/H-Gr/PdNP/GCE, the ox-
idation peak current further decreases (curve e), which attri-
butes the impediment of electron transfer by the biomolecules.
However, in the presence of 200 ng‘mlfl PSA solution, some
PSAa-SA-DNA-Biotin has been pulled away from the elec-
trode. The electron-transfer rates simultaneously increase
resulting in the “signal-on” detection of PSA. This illustrates
that the PSAa-SA-DNA-Biotin/H-Gr/PANP/GCE (line f)
sensing surface is successfully fabricated.

Optimization of experimental conditions

To obtain the best performance of the sensor, some important
optimal experiments were investigated. The following param-
eters were optimized: (a) the amount of H-Gr/PdNP; (b) the
DNA-Biotin concentration; (¢) incubation time respective da-
ta and figures are given in the Electronic Supporting Material
(Fig. S3, Fig. S4, Fig. S5). The following experimental con-
ditions were found to give best results: (a) an amount of H-Gr/
PANP of 8.0 uL; (b) a DNA-Biotin concentration of 5.0 wmol-
L™"; (¢) an incubation time of 60 min.

Analytical performance of the aptasensor

Under optimized conditions, the electrochemical sensing per-
formance of the PSAa-SA-DNA-Biotin/H-Gr/PdNP/GCE to-
wards PSA was recorded by DPV. The sensing interface was
submerged in PBS (pH = 7.4) with different concentrations of
PSA varying from 0.025 ng'mL™" to 204.8 ng'mL™'. When
PSA was added, PSAa-SA-DNA-Biotin was pulled off from
the H-Gr/PANP due to the specifically combination of PSA
and the PSAa and resulting the increase of electron transfer.
Thus, the DPV signals increase accordingly (Fig. 3a). As
shown in Fig. 3b, the calibration curve shows a good linear
relationship between the peak current and the concentrations
of PSA. The linear equation express as Ai=4.3028 ¢+

9.5446 with a correlation coefficient of 0.9981. The detection
limit is evaluated to be 8.0 pgrmL ™" (S/N = 3), which is com-
parable to the previous works (Table 1). Additionally, the ex-
cellent electrochemical-sensing performance may provide a
foundation for detecting other biomarkers.

Reproducibility, stability and specificity

The reproducibility of the electrochemical aptasensor was
investigated by parallel measurements with the same elec-
trode at least for three times. The identical GCE was
pretreated carefully before modification every time, then
the same amount of materials and biomolecules were
modified to the surface of the electrode. The incubation
time was also strictly controlled between the layers. And
the peak currents were monitored in 200 ng-mL~' PSA
solution. The relative standard deviation (RSD) was
1.7%, illustrating acceptable reproducibility of the sensor.
The aptasensor was kept in refrigerator about a month
before measurement. 0.58% of the current change was
obtained, which ascribed to the excellent stability of the
aptasensor.

The specificity of the aptasensor was examined with the
interference of thrombin, intravenous gamma globulin (IgG),
human serum albumin (HSA) and carcinoembryonic antigen
(CEA). 50 times of concentration were added into the electro-
lyte in succession. The signals were almost unchanged (Fig. 4).
When 105 ng'mL " of PSA was incubated with the aptasensor
in the above electrolyte, the peak current increased remarkably
indicating satisfied specificity of the PSA aptasensor.

Table 2 The recovery of PSA in

human serum samples Samples Added (ngmL ") Mean Found (ng'mL ™' X #s, n=3) RSD/% (n=3) Recovery/%
1 0.06 0.057 £ 0.0006 1.02 95
2 14.4 14.41 £0.195 1.35 100.7
70 7023 £1.32 1.88 100.3
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Application to real sample analysis

In order to evaluate the reliability and feasibility of the elec-
trochemical aptasensor, recovery experiments were performed
by standard addition methods [34]. In brief, human serum
samples were obtained from local hospital and diluted for
100 times with PBS (pH = 7.4) to reduce the matrix effect of
the real sample. Then, different concentrations of PSA were
added into the diluted human serums to evaluate the
recoveries. The aptasensor was used to detect the target as
the methods described above. As can be seen in Table 2, the
recoveries of the spiked samples ranges from 95% to 100.3%,
which demonstrates the aptasensor can analyze PSA in real
clinical samples.

Conclusions

In conclusion, a signal amplified electrochemical aptasensor for
PSA determination has been successfully constructed based on
H-Gr/PdNP and biotin-streptavidin system. The cooperatively
amplified strategy of the hemin-functionalized graphene conju-
gated to palladium nanoparticles and the biotin-streptavidin
system made the sensor more sensitive. The biosensor showed
a broad linearity with a relatively low detection limit. It also
demonstrated high stability and specificity. Additionally, this
strategy has been successfully applied in detection of PSA in
human serum, revealing its potential application in clinical di-
agnosis. Therefore, the electrochemical aptasensor is promising
to be an alternative method for PSA detection in real clinical
diagnostics. However, at present, the GCE should be pretreated
and modified frequently. In future studies, we will overcome
this drawback and establish methods to detect different tumor
markers simultaneously in clinical diagnosis.
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