
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

9:
34

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A highly sensitive
aSchool of Environmental and Chemical Engi

Technology, Zhenjiang 212003, P. R. Chin

+86-511-85637630
bState Key Laboratory of Lake Science a

Geography and Limnology, Chinese Academy
cState Key Laboratory of Materials-Orien

Chemical Engineering, Nanjing Tech Uni

E-mail: wqjin@njtech.edu.cn; Fax: +86-25-8

† Electronic supplementary informa
10.1039/c7ra07817j

Cite this: RSC Adv., 2017, 7, 45053

Received 16th July 2017
Accepted 15th September 2017

DOI: 10.1039/c7ra07817j

rsc.li/rsc-advances

This journal is © The Royal Society of C
electrochemical IFN-g aptasensor
based on a hierarchical graphene/AuNPs electrode
interface with a dual enzyme-assisted amplification
strategy†

Yu Yin, *a Lei Shi, b Zhenyu Chu c and Wanqin Jin *c

In this work, we have developed a new electrochemical aptasensor for IFN-g assay, based on a hierarchical

graphene/AuNPsmodified electrode coupledwith a dual enzyme-assisted signal amplification strategy. The

graphene/AuNPs modified electrode with a large specific area, high conductivity, excellent stability and

biocompatibility was used for the immobilization of plentiful duplex DNA strands of capture probes and

IFN-g aptamers. In the presence of IFN-g, hybridized aptamers were released from the electrode surface

due to the formation of aptamer/IFN-g complexes. Meanwhile, aptamers were digested with RecJf

exonuclease and IFN-g was available for target recycling, creating numerous free capture probes on the

electrode surface. Then the hybridization chain reaction was initiated with the help of linker probes and

biotin-labeled reporter probes. Thus cascade duplex DNA polymers were produced on the electrode

surface, providing lots of binding sites for streptavidin–alkaline phosphatase to generate robust enzyme-

catalyzed signals. Due to this dual enzyme-assisted amplification strategy, the prepared aptasensor

exhibited a wide linear range from 5 pM–5 nM with an ultralow detection limit of 2 pM (S/N ¼ 3).

Besides, the aptasensor showed an excellent selectivity, satisfactory reproducibility and stability, and

a great potential in serum analysis. Importantly, the versatility of the designed sensing strategy makes it

easily extended for analyzing other biomolecules.
Introduction

As a typical cytokine secreted by a number of immune cells,
such as thymus-derived and natural killer cells, interferon-
gamma (IFN-g) has played a critical role in the development
of pleural effusion of tuberculosis, and served as a diagnostic
immune response marker.1,2 Due to its signicance in the
immune system, the development of sensitive and specic
methods for IFN-g detection is critically important for immu-
nology research and medical diagnosis. Although antibody
based immunosensors could realize an effective IFN-g assay,
they usually suffer from a low stability, high cost and compli-
cated preparation procedure, making them unsuitable for
routine and rapid analysis.3–5 Comparing with the conventional
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antibody, aptamers have special properties of high affinity and
specicity toward extensive targets,6,7 e.g. small molecules,8,9

biological proteins,10–12 cells13 and heavy metal ions.14,15 Elec-
trochemical aptasensors have received enormous interest due
to their simplicity, low cost, portability and easy miniaturiza-
tion,16 opening a new horizon for developing simple and
sensitive methods for IFN-g detection. For examples, based on
the conformational change of methylene blue attached aptam-
ers, Liu et al. developed an electrochemical IFN-g aptasensor
and a detection limit of 60 pM with a linear range from 0.06–
10 nM was obtained.17 Besides, Zhang et al. described a label-
free method for electrochemical assay of IFN-g by incorpo-
rating a specic DNAzyme sequence into a hairpin aptamer
probe.18 Accordingly, a detection limit of 100 pM with a linear
range from 0.1–10 nM was achieved. Although reliable assays of
IFN-g were realized with these biosensors, desired IFN-g apta-
sensors with lower detection limits are extremely demanded
considering that IFN-g presents at ultralow levels during the
early stages of disease progress. Moreover, Yan et al. reported
a highly sensitive electrochemical aptasensing technology for
IFN-g detection, realizing an ultralow detection limit of 65 fM.19

However, comparing with relatively wide linear ranges in
previous work, the narrow detection range from 0.1–0.7 pM was
not favorable for its application in real analysis. As
RSC Adv., 2017, 7, 45053–45060 | 45053
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a consequence, it still remains a challenge to construct novel
electrochemical IFN-g aptasensors with both high sensitivity
and wide linear ranges.

To construct sensitive electrochemical biosensors, the
preparation of nanomaterial modied electrodes is favorable to
immobilize amounts of biomolecules on the sensing interfaces,
further improving the analytical performance.20–22 Nano-
composites of graphene and gold nanoparticles (AuNPs) have
attracted great attention in electrochemical biosensing, due to
their high electrical conductivity, large specic surface area and
excellent biocompatibility arising from synergistic effect of
individual materials.23–26 Recently, several strategies have been
developed for preparing graphene/AuNPs modied electrodes,
such as physical transfer method,27–29 chemical vapor deposi-
tion30 and interfacial self-assembly.31,32 However, a weak
binding stability of nanocomposites on electrode surfaces,
expensive instruments or complicated operation and prepara-
tion processes are observed and required with these methods,
severally hindering their performance improvement and wide
applications. Alternatively, the electrodeposition is a more
convenient and effective method,33–35 in which graphene oxide
and chloroauric acid can be simultaneously reduced and
directly deposited on an electrode surface. Such graphene/
AuNPs modied electrodes have been widely used to construct
electrochemical biosensors for the detection of procalcitonin,35

DNA sequences36 and endonuclease,37 achieving signicantly
enhanced sensitivities. Due to the attractive properties, it is
highly inspired to develop sensitive electrochemical IFN-g
aptasensors using electrodeposited graphene/AuNPs modied
electrodes.

Besides, signal amplication strategies have been designed
to signicantly improve the detectability of electrochemical
biosensors. On one hand, nuclease-induced cleavage offers
a new tool for constructing sensitive biosensors, in which target
recycle is realized to achieve the signal amplication.38–40

Comparing with the requirement of a specic nicking sequence
with endonucleases, RecJf exonuclease is single-stranded DNA
specic enzyme and digests the appointed DNA strands.41–43

This advantage makes it a promising candidate to design
versatile signal amplication strategies for various analytes,
such as oligonucleotides, proteins and small organic molecules.
On the other hand, hybridization chain reaction (HCR) has been
widely applied to enhance response signals.44–47 The DNA
molecules can be programmed to self-assemble into nicked
cascaded structures analogous to alternating copolymers,
forming plentiful binding sites for electroactive indicators.
Besides, the mild conditions required for HCR make it an
attractive signal amplication strategy in sensing applications.
Although nuclease-induced target recycling and HCR have been
extensively used for signal amplication, few efforts have been
dedicated to constructing high-performance IFN-g aptasensor
integrating these two favorable strategies.

In this work, we have reported a novel electrochemical
aptasensor for IFN-g detection, based on a hierarchical
graphene/AuNPs electrode interface with dual enzyme-assisted
amplication strategy. The hierarchical graphene/AuNPs lm
with excellent properties was in situ electrodeposited on the
45054 | RSC Adv., 2017, 7, 45053–45060
electrode and served for the immobilization of the duplex DNA
strands of capture probes and IFN-g aptamers. The presence of
IFN-g and RecJf exonuclease triggered the release and digestion
of aptamers, resulting in the recycle of IFN-g and liberation of
capture probes. The linker probes and two biotin-labeled report
probes led to the formation of cascaded DNA duplex polymers
through HCR on the electrode surface. Then numerous elec-
troactive indicators of streptavidin–alkaline phosphatase were
efficiently introduced into DNA polymers, creating signicantly
enhanced enzyme-catalyzed signals. Through the dual enzyme-
assisted amplication strategy on a hierarchical graphene/
AuNPs electrode interface, a highly sensitive electrochemical
assay for IFN-g was realized.

Experimental
Materials and agents

The oligonucleotides were synthesized by Sangon Biotech. Co,
Ltd (Shanghai, China), and the sequences are listed in
Table S1.† Recombinant human IFN-g, chloroauric acid
(HAuCl4), hexanethiol (HT), streptavidin–alkaline phosphatase
(ST–AP), a-naphthyl phosphate (a-NP), and tris (hydroxymethyl)
aminomethane (Tris-base) were purchased from the Sigma-
Aldrich. RecJf exonuclease was supplied from New England
Biolabs. All other chemicals used were all of analytical grade,
and triple distilled water was used throughout the work.

The buffers employed in the study were: 20 mM Tris–HCl
buffer (pH 7.4) containing 140 mM NaCl, 5 mM KCl and 1 mM
MgCl2 for dissolving capture probes, aptamers and IFN-g;
0.01 M phosphate buffered solution (PBS, pH 7.4) containing
10 mM Na2HPO4, 10 mM NaH2PO4 and 100 mM NaCl for
washing the sensing interfaces; diethanolamine buffer (DEA,
pH 9.6) containing 0.1 M DEA, 1 M MgCl2 and 0.1 M KCl for
electrochemical measurements.

Preparation of graphene/AuNPs modied electrode

GO was rstly prepared according to modied Hummers'
methods, as reported in our previous work.31 Prior to use, the
glass carbon electrode (GCE) was successively polished with 0.3
and 0.05 mm alumina powders, and then ultrasonicated with
ethanol and water. Aerwards, GCE was electrochemically
scanning in 0.5 M H2SO4 until a stable cyclic curve was
obtained. For the electrodeposition of graphene/AuNPs lm on
GCE, a carbonate buffer solution containing 1.0 mg mL�1 GO
and 100 mM HAuCl4 was prepared, the cyclic voltammetry was
performed between �1.5 and 0.6 V at a rate of 25 mV s�1 for 5
cycles, accompanying with magnetic stirring and N2 bubbling.33

Aer the electrodeposition, the modied electrode was
throughly washed with distilled water.

Construction of the electrochemical IFN-g aptasensor

The duplex DNA strands were rstly prepared through mixing
the capture probes (5.0 mM) and aptamers (5.0 mM) in the
annealing buffer, which was heated to 95 �C for 15 min and
cooled to room temperature. Then, 20 mL solution of duplex
DNA strands was dropped on graphene/AuNPs modied
This journal is © The Royal Society of Chemistry 2017
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electrode surface and incubated for 12 h at room temperature.
Aerwards, the modied electrode was treated with 10 mL HT
solution (1 mM) for 2 h to remove the physically adsorbed
molecules. Subsequently, the modied electrode was incubated
with a mixture solution containing different IFN-g concentra-
tions and RecJf exonuclease (0.5 unit per mL) for 2 h. Aer
washing with buffer solution, 20 mL linker probes (5.0 mM) were
added on the electrode surface for 1 h. Finally, the electrode was
immersed into the solution containing report probe-I (1 mM)
and report probe-II (1 mM) for 90min to trigger the HCR. Finally,
10 mL ST–AP solution containing 1% BSA was dropped onto
the electrode surface and incubated at 37 �C for 30 min,
followed by thoroughly washing for subsequent electrochemical
measurements.
Fig. 1 FESEM images of (A) GO and (B) electrochemically deposited
graphene/AuNPs film on the GCE. (C) and (D) TEM images of
graphene/AuNPs nanocomposites, inset: HRTEM image of an Au
nanoparticle.
Characterizations and electrochemical measurements

Surface morphologies of prepared graphene oxide and
graphene/AuNPs lm were investigate with eld-emission
scanning electron microscopy (FESEM, Hitachi S4800). Trans-
mission electron microscopy (TEM) and high resolution TEM
(HRTEM) analyses were conducted on a JEM 3010 TEM system
using an accelerating voltage of 200 kV. X-ray diffraction (XRD)
was performed on an X-ray diffractometer (D/MAX 2500 V/PC)
with a Cu-Ka line, l ¼ 0.15419 nm. X-ray photoelectron spec-
troscopy (XPS) was measured on a ESCAlab MKII spectrometer
using Al-Ka as the irradiation source. Raman spectra were
collected on a LabRAM-1B microscope Raman system equipped
with a 532 nm laser source. UV-vis spectra were recorded with
a UV 3600 spectrophotometer (Shimadzu, Kyoto, Japan). Cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and
electrochemical impedance spectroscopy (EIS) measurements
were operated with a CHI 660E electrochemical workstation
using a three-electrode system. The supporting electrolyte of
5 mM K3Fe(CN)6/K4Fe(CN)6 solution containing 0.5 M KCl was
employed for EIS measurements. DPV was implemented with
a modulation amplitude of 70 mV, a scan rate of 10 mV s�1,
a pulse amplitude of 20 mV, and potential scan from 0 to 0.5 V.
To ensure the reliability of results, each measurement was
performed in triplicate.
Fig. 2 (A) XRD patterns of GO and graphene/AuNPs film. (B) The C 1s
and Au 4f (inset) XPS spectra of graphene/AuNPs film. (C) Raman
spectra of GO and graphene/AuNPs film. (D) UV-vis spectra of GO and
graphene/AuNPs nanocomposite.
Results and discussion
Characterizations of graphene/AuNPs lm on GCE

Comparing with the GO with typically wrinkled structures
(Fig. 1A), a hierarchical and homogeneous graphene/AuNPs
lm was successfully produced on the GCE surface via the
electrodeposition method, as illustrated in Fig. 1B. Highly
dispersed AuNPs are distinctly observed on the transparent
graphene sheets. Meanwhile, TEM image clearly reveals
a layered structure of the graphene/AuNPs nanocomposite
(Fig. 1C). The large AuNPs with diameters from 10–15 nm were
tightly conned on the graphene sheets, indicating that an
intense interaction between AuNPs and graphene was formed.
With a high magnication focused on the surface (Fig. 1D),
numerous smaller AuNPs with diameters from 3–5 nm were
uniformly attached on the graphene surface. This result is
This journal is © The Royal Society of Chemistry 2017
similar with that reported in the literature.37 Furthermore,
a typical HRTEM image of the AuNP is presented in the inset of
Fig. 1D. The lattice spacing of �0.235 nm corresponds to the
(111) plane of face-centered cubic (fcc) structure of AuNPs.
Obviously, the attractive structure of graphene/AuNPs lm on
GCE is benecial to realize a high specic area and provide
sufficient binding sites for the immobilization of biomolecules.

The XRD patterns of GO and graphene/AuNPs lm are shown
in Fig. 2A. In contrast to a sharp peak at �10.5� of GO, a broad
XRD peak at �24.9� of graphene/AuNPs lm is attributed to
electrochemically reduced graphene sheets.48 It is revealed that
few-layer stacked graphene sheets were poorly ordering along
their stacking direction, and the reduction of GO resulted in an
obvious decrease in interlayer spacing. Besides, the character-
istic peaks at �38.3, 44.3, 64.8 and 77.7� belong to fcc Au, cor-
responding to the (111), (200), (220) and (311) faces
respectively.12 Fig. 2B shows the C 1s and Au 4f XPS spectra of
RSC Adv., 2017, 7, 45053–45060 | 45055

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07817j


Fig. 3 Schematic illustration of the electrochemical aptasensor for
IFN-g detection.
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graphene/AuNPs lm. Comparing with the C 1s XPS spectrum
of GO (shown in Fig. S1†), the peak associated with C–C became
predominant, and remarkably decreased peaks relating to C–O,
C]O and O–C]Owere observed on the graphene/AuNPs lm.31

It is conrmed that effective removal of most oxygenous groups
was realized upon the electrochemical reduction. As suggested
in inset of Fig. 2B, Au 4f peaks (4 f7/2 and 4 f5/2) locate at
�83.7 eV and 87.6 eV respectively, demonstrating that produced
AuNPs consist of metallic Au0. Furthermore, the results of XRD
and XPS indicate that a small quantity of oxygenous groups
remain on the graphene/AuNPs lm. These hydrophilic groups
were favourable for the effective anchoring of AuNPs on gra-
phene sheets, and would improve the immobilization capacity
and recognition efficiency of nanocomposite lm towards bio-
logical molecules. Raman spectra of GO and graphene/AuNPs
lm were depicted in Fig. 2C. The characteristic peaks located
at �1355 cm�1 (D band) and 1589 cm�1 (G band) are attributed
to the defects in the hexagonal carbon ring and the rst-order
scattering of E2g mode assigned for the stretching of C–C
bonds.49 Comparing with that of GO, an increased ID/IG value
was acquired in the graphene/AuNPs lm, indicating that
additional quasi-amorphous sp2-bonded carbon domains were
produced. Moreover, Fig. 2D depicts the UV-vis spectra of GO
and graphene/AuNPs. GO exhibits a representative absorption
peak at �230 nm, while electro-reduction of GO resulted in
a red shi to �270 nm, indicating the formation of graphene.50

Aer the formation of AuNPs, a new broad absorption peak at
�530 nm was observed, which is corresponded to the plasmon
resonance band of AuNPs on the graphene sheets.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were adopted to explore the
electrochemical properties of graphene/AuNPs lm. As revealed
in Fig. S2A,† in contrast to a low oxidation current of the bare
GCE, gradually enhanced response currents were achieved on
the graphene and graphene/AuNPs modied electrodes.
Meanwhile, perceptible decreases of peak-to-peak separation
(DEp) from�98.1 mV of GCE to 82.7 mV of graphene/AuNPs lm
were obtained, suggesting a faster electron transfer rate
between the redox indicators and the electrode surface. Obvi-
ously, the formation of nanocomposite lm on GCE surface
signicantly increases its specic surface area and conductivity
due to the synergistic effect from graphene and AuNPs. To
assess the structural stability of graphene/AuNPs lm on the
GCE surface, the modied electrode was consecutively scanned
for 20 cycles in the solution (inset in Fig. S2A†). The resulting
oxidation peak currents were recorded and an acceptable
change of �3.7% was obtained, showing an excellent structural
stability of nanocomposite lm on the GCE surface. Besides, EIS
was adopted to evaluate the interfacial electron transfer resis-
tance of graphene/AuNPs lm, as shown in Fig. S2B.† The EIS
spectrum contains a semicircle and a linear portion respec-
tively. The semicircle diameter at higher frequencies corre-
sponds to the electron-transfer limited process (Ret), and the
linear portion at lower frequencies represents the diffusion-
limited process.51,52 In comparison with the bare GCE with
a relatively large Ret of �300 U, obviously smaller semicircles
with Ret of �105 U and �25 U were observed on the graphene
45056 | RSC Adv., 2017, 7, 45053–45060
and graphene/AuNPs modied GCE respectively. The remark-
ably reduced Ret is mainly ascribed to the large specic area and
high electrical conductivity of the nanocomposite lm. These
investigations indicate that prepared graphene/AuNPs lm has
a large specic area, high conductivity and structural stability,
and excellent biocompatibility, all of these merits make it
a potential candidate for constructing sensitive electrochemical
biosensors.
Design of the sensing strategy for IFN-g assay

The sensing scheme is shown in Fig. 3. First of all, duplex DNA
strands were immobilized on the graphene/AuNPs lm through
the formation of Au–S bonds. In the presence of IFN-g, the
complex of aptamer/IFN-g was formed, resulting in the libera-
tion of capture probes on the electrode surface. Meanwhile, the
aptamer in the complex was digested with RecJf exonuclease,
leading to the recycling of IFN-g to generate numerous free
capture probes on electrode surface. Free capture probes were
available for the subsequent hybridization with linker probes,
which were used to initiate the HCR in the presence of reporter
probes. With the successive self-assembly of biotin labelled
reporter probes, cascaded duplex DNA polymers were produced
on the electrode surface. Finally, numerous ST–AP was attached
on the DNA polymers, which was used to produce signicantly
enhanced enzyme-catalyzed electrochemical signals for quan-
titative IFN-g monitoring.
Electrochemical investigations of the IFN-g aptasensor

As an efficient tool for exploring the interfacial electron transfer,
EIS was adopted to investigate the stepwise assembly process of
constructed electrochemical aptasensor in this work.53 The
resulting Nyquist plots are displayed in Fig. 4. Comparing with
a low resistance of graphene/AuNPs lm (curve a), the self-
assembly of duplex DNA strands and TH molecules resulted
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Nyquist diagrams of different interfaces recorded in the
frequency range from 0.1 Hz to 100 kHz. Inset is the related equivalent
circuit. (a) Graphene/AuNPs modified electrode, (b) duplex DNA
strands and TH molecules immobilized electrode, (c) in the presence
of IFN-g and RecJf exonuclease, (d) hybridization with linker probes,
(e) incubation with reporter probes.
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in a substantial increase in Ret (curve b). The signicantly
enhanced impedance can be ascribed to two factors that
severally hinder the transfer of redox probe, [Fe(CN)6]3/
[Fe(CN)6]4, at the sensing interface. One is the negatively
charged phosphate backbone of the DNA strands, and the other
is the large steric hindrance of assembled molecules. The
subsequent recognition of IFN-g and digestion of aptamers
reduced interfacial steric hindrance and improved the access of
redox probe on the electrode surface. As a consequence, an
obviously decreased Ret was observed in this condition (curve c).
In the presence of linker probes, an increased Ret was produced
due to the formation of the duplex DNA strands (curve d). Once
the HCR was triggered in the addition of reporter probes, the
impedance increased remarkably due to that numerous DNA
strands were assembled on the electrode surface (curve e),
making the electron transfer more difficult.

In order to further verify the stepwise modication procedure,
the electrochemical aptasensor was also studied by CV.29 As
shown in Fig. S3,† in contrast with a high and a well-dened
current response of graphene/AuNPs modied electrode (curve
a), the peak currents of the duplex DNA strands and TH immo-
bilized electrode decreased obviously (curve b). This decline in
redox currents conrms the successful immobilization of duplex
strands and TH molecules onto the electrode surface. Aer
treating with IFN-g and RecJf exonuclease, increased peak
currents were observed (curve c), indicating that partial aptamers
were released from the electrode surface. While further hybrid-
izing with linker probes, the peak currents decreased corre-
spondingly (curve d). Finally, the formation of cascaded DNA
polymers led to the generation of signicantly decreased peak
currents (curve e). These results are consistent with those
observed in EIS investigations, demonstrating that the electro-
chemical aptasensor successfully works as the designed routine.
Fig. 5 (A) DPV responses of the prepared aptasensor, (a) in the
absence of IFN-g, (b) in the presence of 1 nM IFN-g, no RecJf
exonuclease, (c) in the presence of 1 nM IFN-g and 0.5 unit per mL
RecJf exonuclease. (B) DPV responses of the prepared aptasensor,
(a) without HCR, (b) with HCR.
Signal amplication performance of the electrochemical
aptasensor

In our designed strategy, RecJf exonuclease selectively digested
the aptamer in the complex of IFN-g/aptamer, and the IFN-g
This journal is © The Royal Society of Chemistry 2017
was released to bind with another aptamer to initiate a new
cleavage reaction. As a result, a large amount of free capture
probes were produced on the electrode surface and used for the
HCR. To verify the signal amplication performance of the
proposed aptasensor for IFN-g detection, DPV measurements
were performed on the aptasensor in the presence/absence of
RecJf exonuclease and IFN-g, as shown in Fig. 5A. Comparing
with a low background peak current in the absence of IFN-g
(curve a), an increased peak current with a current change of
�6.0 mA was acquired when the IFN-g (1 nM) was added solely
(curve b). As anticipated, a signicantly enhanced response
signal was produced with the addition of RecJf exonuclease
(0.5 unit per mL), due to the digestion of aptamers and further
recycling of IFN-g (curve c). In this case, the current change of
�10.6 mA was 1.8-fold higher than that of IFN-g solely. Besides,
the effect of HCR on the DPV responses was studied (Fig. 5B).
Curve a in Fig. 5B shows a relatively low response signal in the
absence of HCR. It can be seen from curve b that an obvious
signal amplication was realized with a current change of
�5.9 mA. These results distinctly conrm the feasibility of the
designed sensing strategy and the high efficiency of dual
enzyme-assisted amplication strategy for IFN-g detection.
Optimization of experimental conditions

To obtain high-performance assay results, different experi-
mental conditions were investigated and optimized in details.
As the distribution density of duplex DNA strands plays a critical
role in the current response, the incubation time of duplex DNA
strands on graphene/AuNPs modied electrode was explored.
As shown in Fig. 6A, the peak currents increased sharply with
more incubation time up to 12 h, and then slightly decreased
while further prolonging the incubation time. A low density of
duplex DNA strands usually generates weak signal responses,
while a crowed distribution of duplex DNA strands produces
high steric hindrance, hindering the recognition towards IFN-g
and the further hybridization with linker probes.54 As a result,
a proper incubation time of 12 h was selected in this work.
Besides, a-NP concentration was an important parameter
affecting the signal responses (Fig. 6B). Increasing the a-NP
concentrations, the peak currents increased gradually and then
RSC Adv., 2017, 7, 45053–45060 | 45057
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Fig. 6 Effects of (A) incubation time of duplex DNA strands, (B) a-NP
concentration, (C) RecJf exonuclease concentration, and (D) hybrid-
ization time of reporter probes on peak currents of electrochemical
aptasensor.

Fig. 7 (A) DPV responses of the aptasensor after the incubation with
different IFN-g concentrations (from a to h, 0, 5 pM, 10 pM, 50 pM,
0.1 nM, 0.5 nM, 1 nM and 5 nM respectively). (B) Calibration curve
corresponding to peak currents of different IFN-g concentrations.
Inset: the linear relationship between peak currents vs. the logarithmof
IFN-g concentrations.
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reached a constant value at 1.0 mg mL�1. Therefore,
1.0 mg mL�1 was chosen as the optimal a-NP concentration for
the subsequent measurements.

The peak currents obtained with different RecJf exonuclease
concentrations were investigated. As depicted in Fig. 6C,
enhanced peak currents were acquired with increasing RecJf
exonuclease concentrations, and a stable value was observed at
0.5 unit per mL. Although treating with additional RecJf
exonuclease, subtle increases in peak currents were obtained,
indicating that 0.5 unit per mL was sufficient to full the nicking
reaction. In addition, the hybridization time with reporter
probes was also studied (Fig. 6D). The peak currents rapidly
increased with increasing hybridization time and plateaued
within 90 min. Thus, 90 min was introduced in this test for the
hybridization with reporter probes.
Analytical performance of the electrochemical aptasensor

Under the optimized experimental conditions, the analytical
performance of the prepared IFN-g aptasensor was investigated.
As shown in Fig. 7A, the enhanced peak currents were observed
with increasing IFN-g concentrations, due to that more ST–AP
molecules were bound on the electrode surface. The linear
relationship between peak current (Ipeak) and the logarithm of
the IFN-g concentrations was obtained in the range from 5 pM
to 5 nM (Fig. 7B). Correspondingly, a linear regression equation
of Ipeak ¼ 14.40 + 3.36 log CIFN-g (R2 ¼ 0.995) with a low detec-
tion limit of 2 pM (S/N ¼ 3) was achieved. Although more
analytical time was required comparing with some other re-
ported IFN-g aptasensors (shown in Table S2†),17,18,55–59 the
performance of prepared aptasensor was comparable or better
than most of reported biosensors. Besides, the proposed apta-
sensor could not be regenerated due to the involved target
45058 | RSC Adv., 2017, 7, 45053–45060
recycling strategy assisted with exonuclease. However, consid-
ering the versatility of the designed sensing strategy and facile
preparation of graphene/AuNPs modied electrode, our con-
structed high-performance aptasensor would have a wide
application in practice.

As a comparison, the sensing performance towards IFN-g
detection based on graphene modied GCE was further inves-
tigated, and amino modied capture probes were used to
interact with residual carboxy groups on the electrochemically
deposited graphene.60 As shown in Fig. S4,† signicantly
reduced response currents of graphene-based aptasensor were
observed, resulting in a narrow linear range with a high detec-
tion limit of �60 pM (S/N ¼ 3). Due to few carboxy groups
remaining on the graphene surface, a small quantity of capture
probes were immobilized on the electrode surface, severely
hindering the signal acquisitions. Meanwhile, in contrast to the
graphene/AuNPs modied GCE, a lower specic area and elec-
tron transfer rate was observed on graphenemodied electrode,
which was not favorable for the signal transmission. These
results conrm that graphene/AuNPs modied GCE plays
a critical role in the enhancement of electrochemical signals,
contributing to a high performance in IFN-g detection.

Selectivity, stability and reproducibility of the electrochemical
aptasensor

To realize a reliable assay in practical applications, selectivity of
prepared aptasensor is investigated. The constructed
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Selectivity of the aptasensor for IFN-g over TNF-a, BSA, IgG,
CEA, IL-6, IL-8, L-Cys and Hb.
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aptasensor was challenged with IFN-g and other familiar
interferences of TNF-a, BSA, IgG, CEA, IL-6, IL-8, L-Cys and Hb
at different concentrations. The corresponding electrochemical
signals were recorded, as shown in Fig. 8. The presence of IFN-g
at a low concentration of 0.1 nM produced a remarkable signal
response, while all other interferences at a high concentration
of 1.0 nM showed negligible effects on the electrochemical
signals. The results indicate that this aptasensor has a high
selectivity towards IFN-g. This excellent specicity can be
attributed to the specic recognition and strong combining
capability between the aptamer and IFN-g.

The reproducibility of the aptasensor was also explored, in
which ve independently measurements were implemented
under the same condition. Similar signal responses were
observed with these measurements, and a relative standard
deviation (RSD) was estimated �6.21%, indicating an accept-
able reproducibility of the constructed electrochemical apta-
sensor. Besides, the prepared aptasensor was stored at 4 �C for
1–2 weeks, and then used for IFN-g detection to evaluate its
stability. It is observed that the DPV response retained �92.7%
of its initial response, conrming that the aptasensor possessed
a satisfactory stability for IFN-g detection. It is mainly ascribed
to the stable structure of graphene/AuNPs lm on GCE and
a favourable biocompatibility of the sensing interface reinforc-
ing their interactions with biomolecules.
Practical applications of the IFN-g aptasensor in serum
samples

The potential applicability of the aptasensor for detecting IFN-g
in real serum samples was studies in this work, and the results
Table 1 Practical application of aptasensor for IFN-g in human serum

Samples ELISA test
Constructed
aptasensor

Recovery
(%) RSD (%)

1 36.2 pM 33.1 pM 91.4 5.54
2 53.9 pM 50.6 pM 93.8 4.81
3 0.13 nM 0.14 nM 107.7 4.63
4 0.23 nM 0.21 nM 91.3 4.21

This journal is © The Royal Society of Chemistry 2017
were compared with those tested with the commercial ELISA
method. The recovery and RSD of each test were calculated to
estimate the accuracy of detection. As shown in Table 1, satis-
factory recoveries (91.3% to 107.7%) with acceptable RSD
(4.21% to 5.54%) were obtained for IFN-g detection. These
results suggest that the prepared aptasensor is reliable for the
IFN-g detection in the real samples.

Conclusions

In summary, we have developed a sensitive and selective elec-
trochemical aptasensor for IFN-g detection. The hierarchical
graphene/AuNPs modied electrode enhanced the electron
transfer and provided plentiful binding sites for biomolecules.
Coupling with the exonuclease-induced target recycling and
alkaline phosphatase-catalyzed signal readout, dramatically
enhanced electrochemical signals were produced. As a conse-
quence, an ultrasensitive electrochemical aptasensor for pico-
molar IFN-g detection was realized in this work. Due to its
versatility and portability of designed sensing scheme, this work
opens a new horizon for the development of high-performance
electrochemical biosensors for medical diagnostics, food safety
and environmental monitoring.
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