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Abstract

A simple and sensitive bifunctional electrochemical aptasensor for detection of adenosine and thrombin has been developed
using gold nanoparticles—electrochemically reduced graphene oxide (AuNPs-ERGO) composite film-modified electrode. Firstly,
the reduced graphene oxide film and AuNPs were sequentially immobilized on glassy carbon electrode (GCE) surface. Secondly,
thrombin aptamer was immobilized on the modified electrode. Finally, adenosine aptamer was hybridized with it to serve as a
recognition element and methylene blue (MB) as electrochemical signal indicator. In the presence of adenosine or thrombin, the
sensor recognized it and a conformational change was induced in aptamer, resulting in decrease of the peak current of MB. The
linear relation between concentration of adenosine or thrombin and peak current of MB allowed quantification of them. Thanks to
the special electronic characteristic of AUNPs-ERGO composite film, sensitivity of sensor was greatly improved. Under optimal
conditions, the proposed aptasensor presented an excellent performance in a linear range of 25 nM to 750 nM for adenosine and
0.5 nM to 10 nM for thrombin. Detection limits were estimated to be 8.3 nM for adenosine and 0.17 nM for thrombin,
respectively. Moreover, dual-analyte detection of adenosine and thrombin was achieved without potentially increasing the
complexity and cost of the assay.
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Introduction

Quantitative detection of small molecules and proteins have
attracted great attention in biomedical fields, including disease
diagnosis and clinical medicine. Adenosine, as an endogenous
nucleoside modulator, is one of the most important small mol-
ecules. It takes part in regulating smooth muscle contraction,
blood flow, neurotransmission, renal hemodynamics, and re-
lease of renin [1]. Thrombin is the last protease in the
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coagulation cascade, which acts to cleave soluble fibrinogen
to insoluble fibrin, forming the fibrin gel either of a physio-
logic plug or a pathologic thrombus [2]. As a hormone, throm-
bin can also regulate platelet aggregation, endothelial cell ac-
tivation, and other crucial responses in vascular biology [3].
So it plays significant roles in various pathological and phys-
iological processes, such as angiogenesis, tumor growth he-
mostasis, blood coagulation cascade, and arterial thrombosis
[4]. Thus, the detection of adenosine and thrombin is of great
value in clinical research and disease diagnosis.

In recent years, several methods have been developed to
detect adenosine or thrombin, including photo-induced en-
hanced Raman spectroscopy, high-performance liquid chro-
matography, fluorescence, aptamer-based optical sensing, af-
finity chromatography, mass spectrometry, enzymatic assays,
and electrochemical biosensor [5—8]. Electrochemical biosen-
sors have been well developed due to the advantages of low
cost, easy operation, good portability, excellent flexibility, and
high sensitivity. Generally, there are two main approaches to
increase the sensitivity of electrochemical biosensors in the
detection of small molecules and proteins. One is to improve
electronic characteristics of electrode, such as enhancing
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electron transfer rate and increasing electrode effective surface
area [9]. Chemical materials, such as high polymers, carbon
nanotubes, and nanoparticles, are often used to modify elec-
trode surface in electronic characteristic improvement.
Graphene, a two-dimensional new carbon material, has drawn
great attention because of its excellent electron mobility, high
surface-to-volume ratio, and remarkable chemical stability. A
major drawback of graphene is natural hydrophobicity, lead-
ing to its poor solubility in polar solvents. In order to conquer
this challenge, graphene can be oxidized to be graphene oxide
(GO) before further use. However, the oxidation process in-
troduces sp” hybridized carbon into GO structure, which tends
to decrease the electrical conductivity due to disruption of sp*
network [10, 11]. Then, GO can be chemically or electro-
chemically reduced to be reduced graphene oxide for the pur-
pose of electrical conductivity improvement. Compared with
chemically reduced graphene oxide (RGO), electrochemically
reduced graphene oxide (ERGO) is convenient, eco-friendly,
and more efficient for electron transfer, which is favorable for
application in biosensor [12]. In addition, a lot of researches
have shown that using various metal nanoparticles as coat on
graphene can further improve the electronic characteristic of
sensor [13—-15]. Among numerous metal nanoparticles, gold
nanoparticles (AuNPs) have been widely applied to biosen-
sors because of their unique electronic properties and excel-
lent biocompatibility. They can provide a suitable microenvi-
ronment for biomolecules immobilization and facilitate elec-
tron transfer between molecules and electrode [16, 17]. So,
AuNPs-coated ERGO nanosheets might be a good choice for
electrode modification. It can not only enhance the electrical
conductivity but also improve the biocompatibility and holds
great promise in construction of biosensor.

The other factor in sensitivity enhancement of sensor is
selection of target recognition element. It is necessary to
choose molecules with high selectivity and excellent biocom-
patibility. Presently, aptamers are popular in biosensor fabri-
cation as recognition elements [18-21]. They are short nucleic
acid oligomers selected from random nucleic acid libraries via
an in vitro evolution process termed systematic evolution of
ligands by exponential enrichment (SELEX) [22-24].
Aptamers have been considered as “chemical antibodies”
due to their capability of target recognition with high affinity
and specificity toward a wide range of molecules, including
proteins, metal ions, and other organic or inorganic molecules
[25, 26]. Moreover, aptamers possess a series of advantages
over antibodies, such as simple synthesis, easy modification,
excellent stability, and low immunogenicity [27, 28]. Based
on these characteristics, we developed a simple and sensitive
bifunctional electrochemical aptasensor for the determination
of adenosine and thrombin.

The proposed method herein was based on gold
nanoparticles—electrochemically reduced graphene oxide
(AuNPs-ERGO) composite film modified electrode. GO was

@ Springer

firstly immobilized onto GCE and then electrochemically re-
duced. After that, AuNPs were electrodeposited on ERGO
film at electrode surface, which could not only further enhance
the electron transfer rate but also facilitate grafting aptamers,
and thus increasing detection sensitivity. Furthermore, two
complementary aptamers were ingeniously designed to
achieve dual-analyte detection and also to improve the selec-
tivity of sensor. Owing to this strategy, adenosine and throm-
bin could be specifically detected with a low detection limit.

Experimental
Reagents and apparatus

Adenosine, guanosine, uridine, methylene blue (MB), and 1-
hexanethiol (MCH) were all supplied by Aladdin Reagent Co.
Ltd. (Shanghai, China). Thrombin, bovine plasma albumin
(BSA), and lysozyme were ordered from Sigma-Aldrich
(Shanghai, China). Graphite powder was purchased from
Alfa Aesar Chemical Co. Ltd. (Shanghai, China).
Chloroauric acid (HAuCl4-4H,0) was obtained from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Potassium sulfate (K,SO,), phosphorus pentoxide (P,Os), po-
tassium permanganate (KMnQO,), and polyvinylpyrrolidone
(PVP) were all ordered from Macklin Biochemical Co. Ltd.
(Shanghai, China). All reagents were used as received in an-
alytical grade. All samples were prepared with 10 mM Tris-
HCI (pH 7.4) buffer and stored at 4 °C before use. Deionized
water was purified by a Milli-Q water purification system
(MA, USA). The deionized water and buffer used were fil-
tered through a 0.22-um membrane.

All oligonucleotides were synthesized by TaKara
Biomedical Technology Co. Ltd. (Beijing, China). The se-
quences of two oligomers are given as follows:

Thrombin aptamer (noted as TBA): 5'-SH-(CH,)s-AGT
CCG TGG TAG GGC AGG TTG GAC CTT CC-3'
Adenosine aptamer (noted as ABA): 5-ACC TGG GGG
AGT ATT GCG GAG GAA GGT CCA AC-3’

In these aptamers, the complementary parts are in bold and
the recognition parts are in italic.

All electrochemical experiments were carried out on CHI
750D electrochemical workstation (Shanghai CH Instruments
Co, China) in a conventional three-electrode system. A bare
GCE or modified GCE was used as working electrode. A
saturated calomel electrode (SCE) and a platinum wire were
used as the reference electrode and auxiliary electrode, respec-
tively. The surface morphology and structure of composite
film (AuNPs-ERGO) and ERGO nanosheets at modified elec-
trodes were observed by scanning electron microscopy
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(SEM), and was performed with a Hitachi X-650 microscopy
(Japan).

Synthesis of GO and RGO

GO was synthesized by a modified Hummers method [29].
Graphite powder (1.50 g, 325 mesh) was added into a mixture
containing K,SO, (1.25 g), P,Os (1.25 g), and concentrated
H,SO,4 (6.0 mL) at 80 °C for 4.5 h, and then the mixture was
cooled to room temperature, diluted with 0.25 L of water, and
stood overnight. After the mixture was filtered and washed
with water using a 0.22-pum nylon millipore filter. The product
was air-dried overnight, and it was added to cold (0 °C) con-
centrated H,SO,4 (60.0 mL), and then KMnQO, (7.5 g) was
added dropwise with temperature controlled below 20 °C.
The mixture was stirred at 35 °C for 2 h. One hundred and
twenty-five milliliters of deionized water were added to pre-
vent temperature from exceeding 50 °C for further reaction for
2 h. Following this, 350 mL of deionized water and 10 mL of
30% H,0, were added into the mixture, producing a brilliant
yellow color along with bubbling. Then, filtration and wash-
ing were sequentially carried out by 500 mL of HCI (1:100)
and 500 mL of deionized water. The obtained product was
dried at 50 °C overnight, and exfoliation was achieved by
sonicating a 1 mg/mL dispersion for 30 min.

RGO was prepared according to literature with minor mod-
ification [30]. In brief, the prepared GO dispersion was diluted
to a 0.5-mg/mL aqueous suspension and sonicated for 30 min.
Then, GO suspension and 4 mg/mL polyvinylpyrrolidone
(PVP) aqueous solution were mixed to 10 mL at a ratio of
1:1 (v/v) and stirred at 50 °C for 12 h. When it was cooled to
room temperature, 3.5 pL of hydrazine solution and 40 puL of
ammonia water were added into above solution with stirring
for a few minutes. The mixture was then transferred to an oil
bath and heated to 95 °C for 1 h. Finally, a black dispersion
was obtained and it was washed and purified by centrifuga-
tion, then the precipitate was redispersed in water to form a 1
mg/mL dispersion for further use.

Fabrication of electrochemical aptasensor

Before modification, GCE (3 mm of diameter) was sequen-
tially polished to mirror-like surface with 1.0-, 0.3-, and
0.05-pum alumina slurries on different roughness cloths and
then sonicated in ethanol and deionized water, separately.
After being blow-dried with nitrogen, 5 uL of GO dispersion
(1 mg/mL) was dropped onto the GCE surface, and dried at
room temperature for 5 h. A graphene oxide-modified elec-
trode (GO/GCE) was obtained. Next, the modified electrode
was immersed into 5 mL of 0.1 M phosphate buffer solution
(pH 4.6, 10 mM Na,HPO4-NaH,PO, containing 0.1 M
NaCl), and nitrogen was introduced to remove dissolved ox-
ygen in buffer for 15 min. Then, electrochemical reduction

was performed by cyclic voltammetry (CV) in the potential
range from 0.0 to — 1.2 V at a scan rate of 50 mV/s with
nitrogen protection [31]. The electrode was rinsed with deion-
ized water and dried under nitrogen stream. Upon electro-
chemical reduction, a grayish dark film was visible on GCE
surface and electrochemically reduced graphene oxide
nanosheets—modified electrode (ERGO/GCE) was obtained.

Following this process, ERGO/GCE was immersed in
10 mM HAuCly solution and AuNPs were electrochemically
deposited on the ERGO/GCE surface using amperometry
technique at a potential of — 0.2 V. The modified electrode
was designated as AuNPs-ERGO/GCE. Then, 5 uL of
8.6 UM TBA was dropped onto the electrode surface and kept
at 4 °C for 16 h. After that, the electrode was treated with
1 mM MCH for 1 h to eliminate nonspecific binding on elec-
trode surface. The hybridization reactions were carried out by
casting 5 uL of 7.8 uM ABA onto the electrode surface,
followed by incubation for 1.5 h. After rinsed with washing
buffer and dried using a mild nitrogen stream, the aptasensor
was obtained.

Determination of adenosine and thrombin

Fabricated aptasensor was firstly soaked in 4 mL of 20 uM
MB solution for 10 min under gently stirring. Then, MB mod-
ified electrode was incubated in different concentrations of
thrombin or adenosine for 1 h. Followed by thoroughly wash-
ing, the electrochemical response of aptasensor was recorded
by differential pulse voltammetry (DPV) from 0.0 to — 0.6 V
and tris hydroxymethyl aminomethane hydrochloride (Tris-
HCI) buffer (10 mM, pH 7.4) was used as supporting electro-
lyte. It should be noted that the supporting electrolyte was
deoxygenated with nitrogen bubbling for at least 10 min prior
to electrochemical measurements. Electrochemical impedance
spectroscopy (EIS) experiments were performed in 0.1 M KCI
aqueous solution with 5 mM [Fe(CN)s]*"*.

Results and discussion
Principle of aptasensor

An aptasensor was designed for adenosine and thrombin de-
tection. Its signal output comes from target induced structure-
switching of aptamer and signal amplification from AuNPs-
coated ERGO nanosheets platform. Principle of this aptasenor
was then described in details. Thrombin aptamer (TBA) and
adenosine aptamer (ABA) are employed as recognition
probes. TBA with a thiolated modification is composed of a
sequence complementary to ABA (bold) and a thrombin
aptamer sequence (italic). ABA also contains a sequence com-
plementary to TBA (bold) and a sequence responsible for
adenosine recognition (italic). As illustrated in Fig. 1, ERGO
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Fig. 1 Schematic illustration of the stepwise fabrication of aptasensor and target detection

nanosheets are firstly coated on GCE and then electrochemi-
cally reduced, which can not only accelerate the surface elec-
tron transfer rate but also provide a large surface area for
AuNPs deposition. Then, AuNPs are electrodeposited on
ERGO/GCE for immobilization of TBA by Au-S bond and
further enhancement of aptasensor conductivity. Following
immobilization of TBA on AuNPs-ERGO/GCE, ABA is
added to form double-strand DNA (dsDNA) with TBA by
hybridization. MB as a signal indicator is incubated with them
and can abundantly adsorb on recognition probes via specific
interaction with guanine base in DNA. The more amount of
MB, the larger current response. Therefore, the current re-
sponse will reach a maximum when there is a saturation of
combination between MB and aptamers (curve b). In the pres-
ence of target (adenosine or thrombin), recognition probe will
have a conformational alteration to form G-quadruplex,
resulting in MB releases from the modified electrode and then
the current response decreases (curve a). The higher target
concentration, the lower signal value. Thus, signal response
is linearly related to the concentration of target and this
aptasensor is allowed to detect adenosine and thrombin.

Characterization of modified electrode

The effects of GO, RGO, and ERGO on improving electrode
conductivity were evaluated by cyclic voltammetry (CV).
Furthermore, AuNPs were also electrodeposited onto the
modified electrodes in order to test the performance of inte-
grated sensing platform. Cyclic voltammograms of
[Fe(CN)g]® * at these electrodes are depicted in Fig. 2, a
couple of well-defined redox peaks for bare GCE can be
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observed in curve b. Apparently, curve a shows that AuNPs-
GO film modified electrode could decease the peak current of
[Fe(CN)s]*"*". Due to disruption of sp® network, a large
amount of oxygen-containing functional groups in GO would
decrease the electron transfer rate between GCE and
[Fe(CN)6]37/ 4", even though AuNPs possess excellent con-
ductivity [11, 17]. When AuNPs-RGO (curve c¢) or AuNPs-
ERGO (curve d) composite film was modified on GCE, the
peak currents were obviously enhanced, and currents at
AuNPs-ERGO/GCE are larger than that at AuNPs-RGO/
GCE. This may be attributed to the fact that ERGO film is
more uniform and completely reduced than that dropping-
formed RGO film.

200

150 |

100 |

Current / pA
n
> >
T T

'

n

>
T

-100

-150 -

=200 T T T T T T T
0.8 0.6 0.4 0.2 0.0 -0.2 -0.4

Potential / V
Fig. 2 Cycilc voltammograms of a AuNPs-GO/GCE, b bare GCE, ¢
AuNPs-RGO/GCE, d AuNPs-ERGO/GCE in 0.1 M KCI solution with
5 mM [Fe(CN)¢* ™
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Fig. 3 SEM images of a ERGO/
GCE and b AuNPs-ERGO/GCE

Scanning electron microscopy (SEM) was used to charac-
terize the morphologies of modified films at GCE surface. The
SEM images of ERGO nanosheets and AuNPs-ERGO com-
posite film modified electrodes are shown in Fig. 3. The sur-
face of ERGO modified GCE exhibits rippled and crumpled
sheets-like waves (Fig. 3a), indicating that ERGO nanosheets
can increase the surface area of electrode. After AuNPs were
electrodeposited onto the modified electrode to form AuNPs-
ERGO composite film (Fig. 3b), a golden yellow film on the
electrode surface could be observed by naked eye. The AuNPs
layer looks dense and disperses homogeneously on the surface
of ERGO, which can further increase the surface area of elec-
trode. These SEM images revealed a successful modification
of AuNPs-ERGO/GCE.

Electrochemical impedance spectroscopy (EIS) is an
effective tool to reflect the surface properties of modified
electrode. In order to further investigate the electronic
properties of AuNPs-ERGO film at electrode surface,
Nyquist plots were recorded at different modified elec-
trodes by EIS in 0.1 M KCI aqueous solution containing
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Fig. 4 a Nyquist diagram for the EIS measurements of (i) GO/GCE, (ii)
bare GCE, (iii) bare gold electrode, (iv) ERGO/GCE, (v) AuNPs-ERGO/
GCE in the presence of 5 mM [Fe(CN)¢]**". b Differential pulse

5 mM [Fe(CN)¢]>*". The data are shown in Fig. 4a.
Generally, Nyquist plot comprises a semicircular part at
high-frequency region and a straight linear part at low-
frequency region. High-frequency region is controlled by
electrode reaction kinetics (charge transfer process), and
low-frequency region is controlled by diffusion of reac-
tants or products in the electrode reaction. The electron
transfer resistance (R.;) can be estimated from the semi-
circle diameter of Nyquist plot [32]. Apparently, it can be
found that the impedance responses of [Fe(CN)g]>"* at
different modified electrodes show different characteris-
tics. A small semicircle at high frequency can be observed
at bare GCE (curve ii). The diameter of semicircle is larg-
er than that at bare GCE after GO film was modified on
the surface of bare GCE (curve i), indicating great in-
crease of the R values of GO/GCE due to poor conduc-
tivity of GO. On the contrary, bare gold electrode could
distinctly enhance the electron transfer rate because of its
excellent electrical characteristics. So, its Nyquist plot ex-
hibits a complex line with a small semicircle at high
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frequency and almost a straight line at low frequency
(curve iii). As we expected, a complex nonlinear line
appears almost without semicircle at ERGO/GCE
(curve iv), showing that the R, value decreased signif-
icantly. When AuNPs were further deposited on the
surface, only an almost straight line can be observed
(curve v). Change of R, value of different electrodes
further confirmed successful modification of ERGO and
AuNPs, and quite fast electron transfer between
AuNPs-ERGO composite film and GCE.

Differential pulse voltammetry (DPV) was applied to
measure MB signal at AuNPs/GCE and AuNPs-ERGO/
GCE after the electrodes were incubated with TBA. The
results are shown in Fig. 4b. Reduction peak current of
MB is directly related to amount of TBA on electrode sur-
face. The peak current of MB at TBA/AuNPs-ERGO/GCE
(curve ii) is much larger than that at TBA/AuNPs/GCE
(curve 1), demonstrating that more TBA have been assem-
bled on the surface of AuNPs-ERGO/GCE. Meanwhile, it
was confirmed that GO was successfully reduced to ERGO
on electrode and ERGO could improve the effective surface
area and conductivity of electrode.

This work
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leads to larger surface area and fast electron transfer.
However, the structure of ERGO will close-packed after ex-
cess deposition of ERGO nanosheets at GCE, resulting in
reducing of effective surface area and blocking of electron
movement [33, 34]. Additionally, loading amount of AuNPs
on the surface of ERGO/GCE was determined by the electro-
deposition time and also of great effect on performance of
aptasensor. According to Fig. 5, the peak current starts to
increase accompanied by extension of deposition time and
reaches a maximum at 10 s, then decreases with further incre-
ment of deposition time. This phenomenon indicates that the
film of AuNPs was too thin to be good for immobilization of
aptamer when electrodeposition time was too short. On the
contrary, excessive electrodeposition time might result in
thick and tight film, thus decreasing the electron transfer. So,
ERGO/GCE was prepared by CV with 10 cycles and electro-
deposition time of AuNPs was 10 s.
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This sensor was employed to determine adenosine and throm-
bin under optimal experimental conditions. Figure 6 displays
the dependence of aptasensor response on the concentration of
adenosine and thrombin. The peak current of MB decreased
with increasing adenosine concentration and then hardly de-
creased when the concentration of adenosine increased to
2.5 uM (Fig. 6a), suggesting that the combination of aptamer
and adenosine has achieved a balance at high concentration of
adenosine and the amount of MB on aptamers remains un-
changed. The inset illustrates that the calibration equation is /
(LA) = 2.411-0.001 ¢ (nM) with a correlation coefficient R?
of 0.996 for adenosine detection from 25 to 750 nM. The
detection limit was 8.3 nM at a signal-to-noise ratio of 3.
Similarly, according to Fig. 6b, a linear range from 0.5 to 10
nM is observed for thrombin detection with a detection limit
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of 0.17 nM at a signal-to-noise ratio of 3 (/=2.303-0.104 c, R?
= 0.992). An analytical performance of our method is com-
pared with previous works in Table 1, indicating success of
our aptasensor.

Selectivity, reproducibility, and stability

Control experiments were carried out to study the specificity
of'this aptasensor. Uridine and guanosine belong to the nucle-
osides family and were used as reference substances to inves-
tigate their effects on the peak current of MB for determination
of adenosine. The results are shown in Fig. 7a, the peak cur-
rent of MB in the presence of 1 uM uridine or guanosine
exhibits a very small change compared with blank response.
Meanwhile, BSA and lysozyme were used as interfering pro-
teins to assess the specificity of sensor for thrombin detection.
Figure 7b shows that there are no significant current response
change when BSA or lysozyme is introduced. Thus, these
results revealed the high selectivity of this aptasensor for
adenosine and thrombin detection. The reproducibility of this
sensor was examined by using five equally prepared elec-
trodes. The relative standard deviations (RSD) were 2.6%
for thrombin and 4.2% for adenosine, respectively.
Moreover, the long-term storage stability of aptasensor was
also tested. This aptasensor could retain over 90% of its initial
current after a storage period of one week at 4 °C. These
results showed that the aptasensor had good reproducibility
and acceptable stability.

Conclusions

We have successfully proposed a simple and label-free elec-
trochemical aptasensor for adenosine and thrombin detection
using AuNPs-ERGO film modified GCE. The developed sen-
sor is based on principle of switching structures of aptamers
from DNA/DNA duplex to DNA/target complex using MB as
an electrochemical indicator. During the concentration range
of 25 nM to 750 nM for adenosine and 0.5 nM to 10 nM for
thrombin, the peak currents show linear dependence with
adenosine and thrombin concentration, and the limit of detec-
tion is respectively 8.3 nM and 0.17 nM. These experimental
results indicate that the electrical conductivity of GO is signif-
icantly improved by electrochemical reduction. With the aid
of AuNPs, electric characteristics and biocompatibility of
sensing platform are further improved, which is beneficial to
the performance of sensor. Moreover, the preparation method
of AuNPs-ERGO film is very simple and economical. This
aptasensor also exhibited a good selectivity for adenosine and
thrombin due to the specific interactions between target and its
aptamer. Finally, this method provides an option for dual-
analyte detection of proteins and small molecules.
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