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In this work, a sandwich-type electrochemical aptasensor for simultaneous sensitive detection of
platelet-derived growth factor (PDGF) and thrombin is fabricated. Reduced graphene oxide sheets (rGS)
are used as matrices to immobilize the redox probes, which are subsequently coated with platinum
nanoparticles (PtNPs) to form the PtNPs-redox probes-rGS nanocomposites. With the employment of the
as prepared nanocomposites, a signal amplification strategy was described based on bienzyme (glucose
oxidase and horseradish peroxidase) modified PtNPs-redox probes-rGS nanocomposites as the tracer
labels for secondary aptamers (Apt II) through sandwiched assay. Gold nanoparticles functionalized
single-walled carbon nanotubes (AuNPs@SWCNTs) as the biosensor platform enhance the surface area to
capture a large amount of primary aptamers (Apt I), thus amplifying the detection response. The
experiment results show that the multi-labeled PtNPs-redox probes-rGS nanocomposites display satis-
fying electrochemical redox activity and highly electrocatalytic activity of PtNPs and bienzyme, which
exhibit high sensitivity for detection of proteins. The linear range of PDGF is 0.01e35 nMwith a detection
limit of 8 pM, while the linear ranges from 0.02 to 45 nM and a detection limit of 11 pM for thrombin are
obtained.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that there are manifold regulatory factors in
human body holding different functions in vital movement. For
instance, platelet-derived growth factor (PDGF) is an important
growth factor protein in human platelets that regulates cell growth
and division toward fibroblasts, smooth muscle cells and glial cells
[1], while thrombin is a extracellular serine protease that plays
crucial roles in the blood coagulation cascade, thrombosis and
haemostasis [2,3]. Thus, precise and sensitive evaluation of these
proteins in biological samples will be substantial for disease diag-
nosis. Aptamer-based assay technologies, such as fluorescence [4],
chemiluminescence [5], colorimetric [6] and electrochemistry [7]
have been reported for individual detection of various analytes.
Among these methods, electrochemical assays hold great promise
for their portability, low cost and high sensitivity [8e11]. Compared
with the traditional single analyte assay, the simultaneousmultiplex
assay is more efficient in clinical application since it can shorten
.
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analytical time and decrease detection cost. Up to now, simulta-
neous electrochemical detection of multiple analytes using
aptamer-based assay has rarely been reported. Wang and
co-workers [12] described a reusable label-free biosensor based on
an integrated aptamer for parallel detection of adenosine triphos-
phate (ATP) and thrombin by using electrochemical impedance
spectroscopy and cyclic voltammetry. Zhang’s group [13] developed
a dual-functional aptamer DNA sequence for the detection of
adenosine and thrombin by coupling the enhancement of bio-bar-
code technology and anodic stripping voltammetry. Our group
[14] has fabricated functionalized Pt hollow nanospheres as trace
labels for simultaneous electrochemical immunoassay by using
tumor markers carcinoembryonic antigen (CEA) and a-fetoprotein
(AFP) as model systems. However, to the best of our knowledge,
simultaneous electrochemical detection of PDGF and thrombin
using aptamer-based sensor (aptasensor) have not been reported.

Increasing interests have been focused on graphene due to its
unique structure and electronic properties, such as large accessible
surface area, excellent electronic transport properties and excep-
tional thermal stability [15e18], holding great promise in the
applications of catalytic support for electron transfer and for signal
amplification of electrical biosensing [19e21]. However, due to the

mailto:yuanruo@swu.edu.cn
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2011.10.012
http://dx.doi.org/10.1016/j.biomaterials.2011.10.012
http://dx.doi.org/10.1016/j.biomaterials.2011.10.012


L. Bai et al. / Biomaterials 33 (2012) 1090e1096 1091
strong p-p stacking tendency between the nanosheets, unmodified
graphene sheets are apt to aggregate and inhibit the advantages of
the specific properties when they are directly exposed to the bio-
logical system [22], thus a variety of biomaterial-functionalized
graphene have been extensively applied [23e25]. Here we choose
electroactive and biocompatible redox probes-toluidine blue (Tb)
and ferrocene (Fc) attached with reduced graphene oxide sheets
(rGS) respectively, which overcome the aggregation and provide
qualitative foundation for multiple detection. On the other hand,
platinum nanoparticles (PtNPs) are satisfactory biocompatible
nanomaterials because of their strong adsorption ability, good
conductivity and excellent electrocatalytic activity to hydrogen
peroxide [26,27]. Thus, PtNPs weremodified on the surface of redox
probes labeled rGS to form the PtNPs-redox probes-rGS nano-
composites, which not only accelerate the electron transfer but also
facilitate the immobilization of enzyme and secondary aptamers
(Apt II) with favorable catalysis activity and bioactivity.

Herein, we developed an electrochemical assay for simulta-
neous detection of PDGF and thrombin using gold nanoparticles
functionalized single-walled carbon nanotubes (AuNPs@SWCNTs)
as the sensor platform and distinguishable electrochemical signal
tags as tracers. AuNPs is a kind of excellent nanomaterials with
favorable biocompatibility, good conductivity and high affinity,
which offers an active interface to absorb abundant aptamers by
chemical absorption between AuNPs and eNH2 of aptamers
[28,29]. SWCNTs with special structural feature and unique elec-
tronic properties [30] promote electron transfer and increase the
surface area of AuNPs to capture a large amount of primary
aptamers (Apt I). Redox probes Tb and Fc were initially modified
onto rGS, respectively, and the synthesized PtNPs-redox probes-
rGS nanocomposites were then served as carriers for bienzyme
(glucose oxidase and horseradish peroxidase) and corresponding
secondary aptamers (Apt II)ePDGF binding aptamer and thrombin
binding aptamer. With the sandwich-type assay format, the
aptamer-analyte complex was formed on the surface of
AuNPs@SWCNTs, and the carried GOD catalyzes the reduction of
glucose to generate H2O2, which is further reduced by HRP and
PtNPs with the aid of the two independent redox probes.

2. Materials and methods

2.1. Reagents and materials

Graphene oxide was obtained from Nanjing xianfeng nano Co. (Nanjing, China).
Platelet-derived growth factor (PDGF-BB), thrombin, toluidine blue (Tb), mono-
carboxylic ferrocene (Fc), polyethyleneimine (PEI), hexanethiol (96%, HT), L-cysteine,
chitosan, gold chloride (HAuCl4) and chloro platinic acid (H2PtCl6) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Glutaraldehyde (GA), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxy succini-
mide (NHS) were acquired from Shanghai Medpep Co. (Shanghai, China). Shortened
carboxylate single-walled carbon nanotubes (SWCNTs) and dimethyl formamide
(DMF)were supplied by Shenzhen Nanothch Port Co., Ltd. (Shenzhen, China). Glucose
oxidase (GOD) and horseradish peroxidase (HRP) was obtained from the Shanghai
Biochemical Co. (China). Trishydroxymethylaminomethane hydrochloride (Tris-HCl)
was purchased from Roche (Switzerland). The PDGF binding aptamer (PBA) and
thrombinbindingaptamer (TBA)werepurchased fromTaKaRa (Dalian, China), and the
sequences of the oligonucleotides were as follows:

PBA: 50-NH2-(CH2)6-CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-30

TBA: 50-NH2-(CH2)6-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-30

20 mM Tris-HCl buffer (pH 7.4) contaning 140 mM NaCl, 5 mM KCl and 1 mM
MgCl2 was used to prepare aptamer solutions. 0.1 M phosphate buffered solutions
(PBS, pH 7.4) containing 10 mMNa2HPO4, 10 mM KH2PO4 and 2mMMgCl2 was used
throughout the experiment. All other chemicals were of reagent grade and used as
received.

2.2. Apparatus and characterization

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) measurements were carried out with a CHI
660D electrochemical workstation (Shanghai Chenhua Instrument, China). All
experiments were performed in a conventional three-electrode system: a platinum
wire auxiliary electrode, a saturated calomel reference electrode (SCE) and the
modified glassy carbon electrode (GCE, F ¼ 4 mm) as working electrode. Trans-
mission electron microscopy (TEM) images were obtained with a JEOL-JEM 2000CX
transmission electron microscope (H600, Hitachi, Japan). X-ray photoelectron
spectroscopy (XPS) analysis was carried out using a VG Scientific ESCALAB 250
spectrometer, using Al Ka X-ray (1486.6 eV) as the light source. The pH measure-
ments were made with a pH meter (MP 230, Mettler-Toledo, Switzerland).

2.3. Preparation of aptamers, GOD and HRP multi-labeled PtNPs-redox probes-rGS
nanocomposites

Initially, reduced graphene oxide sheets (rGS) were prepared according to
reference [24] with a slight modification. 10 mL stable dispersion of exfoliated
graphene oxide sheets (1 mg/mL) were mixed with 1 mL PEI (3%) and heated under
reflux at 135 �C for about 3 h. The obtained black product was washed several times
by double distilled water and collected by centrifugation. The synthesized rGS have
abundant amino, thus, EDC and NHSwere used as coupling agents to modify the rGS
with Fc (Fc-rGS) by formation of an amide link between the carboxyl of Fc and the
amino of rGS. Analogously, GA was served as crosslinking agent to modify rGS with
Tb (Tb-rGS) by the interaction of amino between them. The Fc-rGS and Tb-rGS
conjugates were gently stirred for 2 h, respectively, then centrifuged and washed
twice with double distilled water to remove the unmodified redox probes.

The resulting redox probes-rGS bioconjugates were then surface-chemically
modified by L-cysteine branched chitosan (CBC) to obtain the active groups of
amino and thiol for attraction of nanoparticles while inhibiting the leakage of redox
probes. Platinum nanoparticles-enwrapped redox probes-rGS (PtNPs-redox probes-
rGS) nanocomposites were constructed using the NaBH4 reduction method. Biriefly,
1 mL H2PtCl6 (1%) was added dropwise into 5 mL CBC protected redox probes-rGS
bioconjugates and vigorously stirred for 5 min to make the negatively charged
PtCl62- ions adsorbed on the CBC surface. Then, 2.5 mL NaBH4 (0.1 M) solution was
dropped into the mixture with stirring for 30 min, followed by centrifugation and
washing with double distilled water.

Subsequently, 100 mL PBA (2 mM) was added to 5 mL colloidal PtNPs-Tb-rGS, and
100 mL TBA (2 mM) was added to 5 mL colloidal PtNPs-Fc-rGS respectively, followed
by incubation at 4 �C for 12 h. Finally, 1 mg GOD and 1 mg HRP were dissolved in the
PtNPs-redox probes-rGS labeled aptamers solution and incubated at 4 �C for 4 h to
block the unspecified sites and prevent non-specific adsorption. After centrifugation
and washing, the multi-labeled PtNPs-redox probes-rGS nanocomposites were
resuspened in Tris-HCl buffer and stored at 4 �C for further use. Fig. 1A shows the
schematic illustration of the preparation procedure for the multi-labeled PtNPs-
redox probes-rGS nanocomposites.

2.4. Fabrication of the aptasensor

Prior to use, 1 mg activated SWCNTs were suspended in 1 mL DMF and sonicated
to obtain a homogeneous black solution. Firstly, 5 mL the SWCNTs solution was
dropped onto a pretreated GCE to increase the effective area of the electrode. Then
the electrodewas dried at room temperature and immersed into HAuCl4 solution for
electrochemical deposition to obtain gold nanoparticles (AuNPs). Subsequently, the
formed AuNPs@SWCNTs modified electrode was submerged into the mixture
solution of 2 mMPBA and 2 mM TBA for 16 h at room temperature. Then the resulting
aptasensor was incubated with blocking solution (0.1 M PBS containing 1.0 mM HT)
for 1 h to eliminate non-specific binding effects and block the remaining active
groups. After every step, themodified electrodewas thoroughly cleanedwith double
distilled water and PBS buffer to prevent the non-chemisorption. The finished
aptasensor was stored at 4 �C when not in use.

The detection was based on the typical process for sandwiched assay. First, the
aptasensor was incubated with 20 mL drop of the mixture of PDGF and thrombin
standard solutions with different concentrations for 1 h at room temperature, fol-
lowed by washing. Then it was further incubated with the prepared multi-labeled
PtNPs-redox probes-rGS nanocomposites for 1 h at room temperature. After
rinsing thoroughly with double distilled water and PBS to remove the unbound
secondary aptamers, the amperometric responses of the aptasensor were recorded
for the quantitative detection of PDGF and thrombin. Fig. 1B showed the schematic
illustration of the stepwise procedure of the aptasensor fabrication and the corre-
sponding catalysis amplifying principle of the bienzyme functionalized PtNPs-redox
probes-rGS nanocomposites based on the sandwich assay.

2.5. Experimental measurements

Electrochemical experiments were carried out in a conventional electrochemical
cell, in which a modified working electrode, a SCE reference electrode and a Pt
counter electrode were used. EIS of the electrode fabrication were performed in
5mM K3Fe(CN)6 solution containing 0.1 M KCl. CV scanwas taken from�0.6 to 0.6 V
(vs. SCE) at a scan rate of 100mV/s in 0.1M PBS (pH 7.4). DPVwas performed in 0.1M
PBS (pH 7.4) containing 3.6 mM glucose to measure the amperometric responses of
the aptasensor. The parameters applied were: 50 mV pulse amplitude, 50 ms pulse
width, 0.2 s pulse period and voltage range from �0.6 to 0.6 V (vs. SCE).



Fig. 1. (A) Preparation procedure of aptamers, GOD and HRP multi-labeled PtNPs-redox probes-rGS nanocomposites: (a) modification with redox probes, (b) coating with L-cysteine
branched chitosan (CBC) to obtain active groups of amino and thiol, (c) reducing H2PtCl6 to form PtNPs, (d) labeled with aptamers, GOD and HRP. (B) Schematic illustration of the
stepwise aptasensor fabrication process: (a) dropping of SWCNTs membrane and electrodeposition of HAuCl4, (b) immobilization of Apt I, (c) reaction with analytes PDGF and
thrombin, (d) incubating with multi-labeled PtNPs-redox probes-rGS nanocomposites, (e) DPV measurement of current response in PBS containing 3.6 mM glucose.
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3. Results and discussion

3.1. Characteristics of the different nanomaterials

Transmission electron microscopy (TEM) images give the size
and morphology of the as synthesized composites. As shown in
Fig. 2a, the SWCNTs dispersed in DMF showed a homogeneous
configuration and good dispersion. The lamellate and porous sheets
suggested the successful preparation of rGS (Fig. 2b) and the
homogeneous and dense coverage of PtNPs on the rGS could be
observed in Fig. 2c. The sheet remained separated with each other
without any aggregation, implying the well dispersibility of the
nanocomposites in solution.

To further analyze the chemical composition of the PtNPs-redox
probes-rGS nanocomposites, X-ray photoelectron spectroscopy
(XPS) characterization was employed. The fully scanned spectra
demonstrated the existence of C and O elements in graphene oxide
and N element in the synthesized rGS (Fig. 2d). The characteristic
peaks for Pt4f, S2p, C1s, N1s and O1s core level regions could be
obviously observed at the PtNPs-Tb-rGS nanocomposites in Fig. 2e.
The S2p core level was mainly derived from the redox probe Tb and
the Pt4f doublet (72.3 eV and 75.1 eV) indicated the presence of
PtNPs. In addition, higher characteristic peaks at C1s and N1s were
observed, which further proved the existence of Tb. Fig. 2f showed
the Pt4f, C1s, N1s, O1s and Fe2p core level regions of the PtNPs-Tb-
rGS nanocomposites. It could be found that the Fe 2p core level
region (710 eV and 727 eV) originated from Fc. Because of the
existence of elemental oxygen in Fc, a higher characteristic peak at
O1s was achieved.
3.2. Electrochemical characterization of the aptasensor

Electron-transfer resistance (Ret) at the electrode is an impor-
tant parameter, thus electrochemical characteristics of the apta-
sensor was investigated by EIS measurements. It is well known
that the high frequency region of the impedance plot shows
a semicircle related to the redox probe [Fe(CN)6]3-/4- and the
semicircle diameter of EIS is equal to Ret. Fig. 3 illustrated the EIS of
different electrodes in the presence of 5 mM [Fe(CN)6]3-/4- con-
taining 0.1 M KCl. Bare GCE had a small semicircle (Ret ¼ 120 U,
curve a), implying relatively low resistance to the redox probe
dissolved in solution. When SWCNTs and AuNPs were modified
onto the electrode, the resistance decreased apparently (curve b)
compared with bare electrode, which attributed to the
AuNPs@SWCNTs modified electrode had large effective surface
area than bare GCE and promoted electron transfer. With Apt I
adsorption on the surface of AuNPs@SWCNTs, the semicircle
increased remarkably (Ret ¼ 187 U, curve c) because the capture
aptamers as non-electroactive properties obstructed electron
transfer. After non-conductive HT was used to block non-specific
sites, the resistance increased again (curve d). The resistance
further increased when the electrode was incubated with PDGF
and thrombin (Ret ¼ 478 U, curve e), which attributed to the



Fig. 2. TEM images of (a) SWCNTs, (b) rGS and (c) PtNPs-redox probes-rGS nanocomposites. XPS analysis of (d) rGS, (e) PtNPs-Tb-rGS nanocomposites and (f) PtNPs-Fc-rGS
nanocomposites.
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complementary pairing of aptamers and bulky analytes that retard
the electron transfer tunnel.
3.3. Distribution effect of Apt I

To determine the suitable current response, distribution of Apt I
(PBA and TBA) on the AuNPs@SWCNTs surface was studied. Fig. 4
showed the relationship between current response and the distri-
bution of PBA and TBA. When proportion of one aptamer is larger,
the corresponding current response is much higher than that of
another aptamer. In order tomake the current differenceminor and
keep the response signal relatively high, the same molar weight of
PBA and TBA was adopted in this work.
Fig. 3. EIS for each immobilized step in 5 mM [Fe(CN)6]4-/3-þ0.1 M KCl solution: (a)
bare GCE, (b) AuNPs@SWCNTs/GCE, (c) Apt I/AuNPs@SWCNTs/GCE, (d) HT/Apt I/
AuNPs@SWCNTs/GCE, (e) analytes/HT/Apt I/AuNPs@SWCNTs/GCE.
3.4. Performance of the aptasensor

The amplification performance of the aptasensor wasmonitored
by CV experiments. Fig. 5A showed the current response of the
resulted aptasensor after the sandwich format reaction. Two pairs
of stable and well-defined redox peaks (curve a) can be found,
suggesting the efficient electroactivity of the redox probes-rGS
bioconjugates labels. In order to evaluate whether or not the
immobilized PtNPs and bienzyme have the catalysis ability, various
concentrations of glucose were added into the solution. It can be
readily seen that the reduction peaks enormously increased with
the addition of glucose, indicating a typical electrocatalytic process
of glucose and H2O2 (curve b).
Fig. 4. Effect of molar ratio of the two Apt I (PBA to TBA) distribution on the
AuNPs@SWCNTs surface.



Fig. 5. CVs of the modified electrode using (A) multi-labeled PtNPs-redox probes-rGS nanocomposites and (B) multi-labeled rGS nanocomposites as tracers in the absence (a) and in
the presence (b) of 3.6 mM glucose in PBS at a scan rate of 100 mV/s.
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To further demonstrate the catalytic efficiency of PtNPs, elec-
trochemical response of the modified electrode usingmulti-labeled
rGS nanocomposites (redox probes, bienzyme and Apt II were all
directly immobilized on rGS without PtNPs) as tracers was recor-
ded (Fig. 5B). The peak current of redox probes (curve a) and the
current increment with the addition of glucose (curve b) were both
lower than that of the proposed aptasensor. It should be ascribed to
the employment of PtNPs, which not only increased the immobi-
lization of redox probes on rGS but also absorbed abundant enzyme
onto their active surfaces, accordingly enhanced the electro-
chemical signals.

The signal amplification was also confirmed by DPV measure-
ment. As shown in Fig. 6, a 2.5-fold increase in the catalytic current
was observed at multi-labeled PtNPs-redox probes-rGS/analytes/
Apt I/AuNPs@SWCNTs modified electrode (curve d) compared
with redox probes labeled Apt II/analytes/Apt I/AuNPs@SWCNTs
modified electrode (curve b), indicating rGS as a matrix could
introduce masses of redox probes, PtNPs and bienzyme on the
electrode surface. Similarly, the catalytic current obtained from
multi-labeled PtNPs-redox probes-rGS/analytes/Apt I/AuNPs
modified electrode (curve c) was 3-fold higher than that from redox
probes labeled Apt II/analytes/Apt I/AuNPs modified electrode
Fig. 6. DPV responses of the resulted aptasensors after the sandwich format reaction
in 0.1 M PBS (pH 7.4) containing 3.6 mM glucose by using various sensor platforms and
labels: (a) redox probes labeled Apt II and Apt I/AuNPs as sensor platform, (b) redox
probes labeled Apt II and Apt I/AuNPs@SWCNTs as the sensor platform, (c) multi-
labeled PtNPs-redox probes-rGS nanocomposites and Apt I/AuNPs as the sensor plat-
form and (d) multi-labeled PtNPs-redox probes-rGS nanocomposites and Apt I/
AuNPs@SWCNTs as the sensor platform.
(curve a). The achieved amplification was mainly ascribed to the
abundant PtNPs, GOD and HRP on rGS extremely amplified the
electrochemical signals of redox probes through electrocatalytic
reduction. In addition, compared analytes/Apt I/AuNPs modified
electrode (curve c) with analytes/Apt I/AuNPs@SWCNTs modified
electrode (curve d), the catalytic current increased about 6 mAwhen
multi-labeled PtNPs-redox probes-rGS nanocomposites were used
as the detection aptamers. Also, the responses increased approxi-
mate 4 mA when traditional redox probes labeled Apt II was used
(curve a and b). These data illustrated that the presence of SWCNTs
not only obviously increased the surface area to capture more
aptamers on the electrode surface but also accelerated electron
transfer. Based on the dual amplification of SWCNTs and multi-
labeled PtNPs-redox probes-rGS nanocomposites, the catalytic
current of the proposed aptasensor (curve d) enhance about 4-fold
in comparisonwith that of redox probes labeled Apt II/analytes/Apt
I/AuNPs modified electrode (curve a) without SWCNTs modifica-
tion and rGS labeling.

To assess the performance of the proposed aptasensor, we
measured routine samples of PDGF and thrombin with different
concentrations using the developed sandwich-type with multi-
labeled PtNPs-redox probes-rGS nanocomposites as tracers and
glucose as substrate. The amperometric responses for simultaneous
detection of PDGF and thrombin increased with the increment of
PDGF and thrombin concentrations in the sample solution after the
complementary pairing interaction (Fig. 7a). The calibration plots
showed a good linear relationship between the reduction peak
currents and the analytes concentrations in the ranges from 0.01 to
35 nMwith a detection limit (defined as DL¼ 3SB/m, wherem is the
slope of the corresponding calibration curve and SB is the standard
deviation of the blank) [31] of 8 pM for PDGF and 0.02 to 45 nM
with a detection limit of 11 pM for thrombin, respectively (Fig. 7b
and c). The detectable concentrations of PDGF and thrombin in the
present work were comparable to the detection limits reported by
the use of other methods, including 63 pM of PDGF based on
specific target binding-induced rolling circle amplification [32] and
20 pM of thrombin taking AuNPs based sandwich sensing platform
as a model [33]. The reason for the relatively low detection limits
was that quite a number of redox probes, PtNPs and bienzyme
conjugated onto rGS significantly enhanced the amperometric
responses.

To evaluate the cross-reactivity of the multiplexed electro-
chemical assay, two control tests were carried out as follows
(analytes concentrations of 0.1 nM and 15 nM were used as
examples): (i) single analyte, PDGF or thrombin, was assayed using
multi-labeled PtNPs-redox probes-rGS nanocomposites as signal
tags; (ii) PDGF and thrombinwere simultaneously monitored using



Fig. 7. (a) DPV responses of the proposed aptasensor after incubation with different concentration of PDGF and thrombin. Calibration curves for the simultaneous determination of
PDGF and thrombin using (b) multi-labeled PtNPs-Tb-rGS nanocomposites and (c) multi-labeled PtNPs-Fc-rGS nanocomposites as tracers.

Table 1
Cross-reactivity level of the aptasensor.

sample type concentration
(nM)

current shift
at PDGF
position (mA)a,b

current shift
at thrombin
position (mA)a,c

PDGF 0.1 �5.4 �0.1
15 �18.4 �0.2

thrombin 0.1 �0.1 �4.1
15 �0.3 �15.6

PDGF þ thrombin 0.1 þ 0.1 �5.6 �3.9
15 þ 15 �18.1 �15.8

a The average value of three measurements.
b The background current was �3.8 mA at PDGF position.
c The background current was �3.2 mA at thrombin position.
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multi-labeled PtNPs-redox probes-rGS nanocomposites as signal
tags. The electrochemical responses were measured and the
current shifts were displayed in Table 1. Significantly higher current
shift was observed with the corresponding target analyte and
extremely low current shift was observed with another one. The
results indicated that the multiplexed detection exhibited low
interference with each other and the cross-reactivity between the
two analytes was negligible.

In order to illustrate the reproducibility of the aptasensor, five
freshly prepared modified electrodes were incubated with 15 nM
PDGF and 15 nM thrombin mixture. All five electrodes exhibited
similar amperometric response behavior, and the relative standard
deviation is 6.8%. This demonstrated that the reproducibility of the
proposed aptasensor for PDGF and thrombin was acceptable.

4. Conclusions

In summary, we have successfully developed a novel electro-
chemical aptasensor for simultaneous detection of PDGF and
thrombin using different redox probes as tracers. The higher
sensitivityandwider linear rangeof theproposed aptasensor should
be taken into account as the exhibition of AuNPs@SWCNTs and
excellent electrocatalysis activities of PtNPs and bienzyme on rGS,
which performed effective amplification properties as expected.
Firstly, AuNPs@SWCNTs on electrode not only facilitated electrons
transfer but also provided large accessible surface area for the
immobilization of abundant Apt I. Secondly, rGS with high aspect
ratio could increase the amount of redox probes, thus enhanced the
response signals. Moreover, the synergistic reaction of PtNPs and
bienzyme on rGS toward electrocatalyses could amplify the
response signals of redox probes and improve the sensitivity.
Besides, although the proposed technique was focused on the
determination of PDGF and thrombin, it possessed the potential of
wider application for other targets.
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