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Platinum nanodendrite functionalized graphene
nanosheets as a non-enzymatic label for electrochemical
immunosensing

Qiunan Xu, Lisong Wang, Jianping Lei,* Shengyuan Deng and Huangxian Ju*

An ultrasensitive immunosensing method was developed using platinum nanodendrite functionalized

graphene nanosheets (PtNDs@GS) as a non-enzymatic label for the electrochemical detection of human

immunoglobulin G (HIgG). The PtNDs@GS hybrid was prepared in situ by reducing K2PtCl4 with ascorbic

acid in an aqueous solution of reduced graphene oxide, and characterized by scanning electron

microscopy, transmission electron microscopy and spectral techniques. The disposable immunosensor

was constructed by coating a polyethylene glycol film on a screen-printed carbon working electrode

and then immobilizing the capture antibody on the film. After binding with the antigen for further

capture of the PtNDs@GS labelled antibody, PtNDs@GS was introduced as an electrochemical tag to

produce a large electrocatalytic current towards the reduction of dissolved oxygen for signal

amplification. Compared with the enzyme-based immunosensor, PtNDs@GS as non-enzymatic tag

exhibited many advantages. This method showed a good linearity in the concentration range of 1 pg

mL�1 to 10 ng mL�1, with a detection limit of 0.87 pg mL�1. PtNDs@GS as non-enzymatic label provides

a versatile method for constructing ultrasensitive immunosensors, and demonstrates proof-of-concept in

immunosensing.
Introduction

Ultrasensitive immunoassays for biomarkers have attracted
considerable interest in biomedical research and clinic diag-
nostics, especially in early-disease screening and diagnosis.1–3

In order to realize ultrasensitivity, many signal amplication
strategies have been designed using molecular biology and
nanomaterial-based amplication techniques.4–16 Due to their
large surface-to-volume ratio and excellent conductivity,17–20

nanomaterials such as carbon- and metal-based nanoparticles
are promising candidates for carriers to load a large number of
signal molecules for amplifying the recognition event. For
example, by using carbon nanotubes (CNTs) as a carrier to
immobilize enzymes, a general amplication strategy combined
with electrochemical detection has been developed for the
highly sensitive detection of prostate-specic antigen with a
detection limit of 4 pg mL�1.21 When coupled to super-
paramagnetic beads massively loaded with about 500 000
horseradish peroxidase labels and secondary antibodies, an
unprecedented detection limit of 1 fg mL�1 (100 aM) was ach-
ieved for the detection of interleukin 8.22 Although those
methods demonstrated high sensitivity, the easy denaturation
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of enzymes in natural environments and need for a nitrogen
atmosphere block their applications in practice.

To avoid the deoxygenation process, the direct electro-
chemical signal of metallic nanoparticles, including gold nano-
particles23 and silver nanoparticles,24 has been used for
ultrasensitive immunoassay. For example, streptavidin-func-
tionalized silver-nanoparticle-enriched CNTs have been designed
as a trace tag to obtain a sensitive electrochemical-stripping
signal for the multiplexed immunoassay of carcinoembryonic
antigen (CEA) and a-fetoprotein (AFP).25 The electrocatalytic
activity of metal nanoparticles such as platinum nanoparticles,26

palladium nanoparticles27 and metal alloys28–31 can also be used
to realize ultrasensitive immunoassay. By the catalytic reduction
of p-nitrophenol to p-aminophenol using gold nanocatalyst
labels, a simple electrochemical method for signal amplication
has been achieved for the sensitive detection of mouse IgG.32

Here, the excellent conductivity of graphene was combined with
the strong catalytic ability of platinum nanoparticles to form
platinum nanodendrite functionalized graphene nanosheets
(PtNDs@GS), producing an electrocatalytic label for construction
of an ultrasensitive immunosensing strategy.

Platinum nanoparticles are efficient catalysts for both
oxygen reduction and methanol oxidation.33–36 In particular,
graphene nanosheet supported platinum nanoparticles are one
of the most attractive systems in catalysis research due to their
remarkable catalytic capacity and free electron mobility.37–39 In
J. Mater. Chem. B, 2013, 1, 5347–5352 | 5347
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this work, based on the high electrocatalytic activity of
PtNDs@GS towards the reduction of dissolved oxygen, a
disposable electrochemical immunosensor was proposed for
the ultrasensitive detection of human immunoglobulin
G (HIgG) (Scheme 1). The immunosensor was constructed by
coating a polyethylene glycol (PEG) lm on screen-printed
carbon working electrodes (SPCEs) and then immobilizing the
capture antibody (Ab1) on the lm. With a sandwich-type
immunoassay format, the analyte and then the PtNDs/GS-
labeled antibody were successively captured to the immuno-
complex to obtain the amplied electrocatalytic signal for
readout. Using dissolved oxygen as the signal reporter, the
detection process avoided deoxygenation and showed excellent
analytical performance with good fabrication reproducibility,
and acceptable precision and accuracy. The PtNDs@GS as a
non-enzymatic label provides a versatile approach for the
design of ultrasensitive immunosensing methods.
Experimental
Reagents and materials

Human IgG (HIgG) and polyclone rabbit anti-human IgG anti-
body (RaHIgG) were purchased from Wuhan Boster Biological
Technology Ltd. Potassium tetrachloroplatinate(II) (K2PtCl4,
99.99%) and bovine serum albumin (BSA) were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO). Poly-
vinylpyrrolidone K-30, (PVP, Mw ¼ 40 000), polyethylene glycol
(PEG, Mw ¼ 20 000), hydrazine hydrate and ascorbic acid were
obtained from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All other reagents were of analytical grade
and used as received. Ultrapure water obtained from aMillipore
water purication system ($18MU, Milli-Q, Millipore) was used
in all assays. 0.1 M phosphate-buffered saline (PBS) solutions
with various pHs were prepared by mixing stock solutions of
NaH2PO4 and Na2HPO4. PBS (pH 7.4) containing 50 mg mL�1

BSA was used as the blocking buffer. The immunosensor was
kept at 4 �C when not in use.
Scheme 1 Schematic representation of (A) the preparation of PtNDs@GS-
labeled RaHIgG and (B) the signal amplification strategy for sensitive electro-
chemical immunoassay.

5348 | J. Mater. Chem. B, 2013, 1, 5347–5352
Characterization

Transmission electron microscope (TEM) images were obtained
using a JEM-2100 TEM instrument (Hitachi, Japan) with an
accelerating voltage of 200 kV for high-resolution TEM images
aer drop-casting the sample dispersion onto a carbon coated
300 mesh copper grid and drying under room temperature.
Attenuated total reection (ATR)-FTIR spectra were recorded on
a Vector 22 FTIR spectrometer (Bruker Optics, Germany). X-ray
photoelectron spectroscopy (XPS) experiments were carried
out on an ESCALAB 250 spectrometer (Thermo-VG Scientic
Co., USA) with ultra-high vacuum generators. Differential
pulse voltammetric (DPV) measurements were performed
using a CHI 660C electrochemical workstation (CH Instruments
Inc., USA).
Preparation of PVP-GS

Graphene oxide (GO, �1.1 mm � 1.2 mm) was synthesized from
graphite by a modied Hummers method.40 Then a 50 mL
aqueous dispersion of as-prepared GO (0.5 mg mL�1) was
sonicated for 40 min, and centrifuged (3000 rpm) to remove
non-exfoliated GO sheets. 400 mg PVP was added to the
dispersion and stirred overnight to obtain a PVP-GO dispersion.
35 mL of hydrazine (50%w/w) and 400 mL of ammonia (25%w/w)
were injected into the resulting solution with vigorous stirring
for several minutes, and then the solution was maintained at
95 �C for 1 h to obtain black reduced graphene oxide (GS). Aer
centrifugation, the resulting black product was puried by
washing in water three times, and redispersed in water to yield
2.0 mg mL�1 of the PVP-GS dispersion.
Preparation of PtNDs@GS nanohybrid

500 mL of 2 mg mL�1 PVP-GS was diluted to 3.8 mL in a 10 mL
ask, and then mixed completely with 250 mL of 1 M PVP and
1.45 mL of 0.2 M ascorbic acid. The mixture was heated to 95 �C
with magnetic stirring in an oil bath. Next, 0.5 mL 0.1 M K2PtCl4
solution was rapidly injected into the ask, and the mixture was
kept at 95 �C for 3 hours. Aer cooling to room temperature, the
product was collected by centrifugation, washed several times
with water, and redispersed in water to obtain the PtNDs@GS
nanohybrid for further electrochemical measurements.
Labeling of PtNDs@GS to RaHIgG

200 mL of the as-prepared PtNDs@GS was rst diluted to 1 mL
with water. Then RaHIgG (10 mL, 1.0 mg mL�1) was added into
the solution, followed by gentle shaking at room temperature
for 1 h. During this process, RaHIgG could be loaded onto the
PtNDs through physical adsorption and the interactions
between the mercapto or amino groups of RaHIgG and the
PtNDs. Aer washing with PBS (pH 6.0) three times, and
centrifugation, the so sediment was rinsed with PBS contain-
ing BSA (5%) at 4 �C for 0.5 h. The conjugate was nally
centrifuged and resuspended in PBS (200 mL) containing BSA
(0.1%) for immunoassay.
This journal is ª The Royal Society of Chemistry 2013
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Fabrication of the immunosensor

The SPCE, containing carbon working electrode (2 mm in
diameter), carbon auxiliary electrode and Ag/AgCl reference
electrode, was fabricated according to the steps reported
previously.41 The insulating layer printed around the working
area constituted a reservoir of the electrochemical cell with a
volume of 50 mL.

The PEG lm modied electrode was rst prepared by
dropping 5 mL of 2.0 mg mL�1 PEG solution onto the working
electrode. The chip was incubated in a water vapor saturated
environment at 4 �C overnight to allow the passive adsorption of
PEG onto the carbon electrode surface. The PEG not only
assisted the antibody immobilization, but also minimized
nonspecic adsorption. Aer washing with water, 1 mL of 0.2 mg
mL�1 RaHIgG antibody in PBS (pH 7.4) was dropped on the PEG
lm and incubated for 40 min at 25 �C to allow the assembly of
the antibody. Then, the electrode surface was washed with water
and incubated with 50 mL 5% BSA for 1 h to block possible
remaining active sites against nonspecic adsorption. Finally,
the immunosensor was rinsed with water and stored at 4 �C in
dry air in the dark prior to use.

Immunoassay procedure

A sandwich-type immunoassay was performed for detection.
The immunosensor was rst incubated with 5 mL of the sample
containing HIgG for 40 min at 25 �C. Aer a washing step with
ultrapure water using a pipettor, 5 mL of the PtNDs@GS labeled
RaHIgG was cast on the immunosensor for 45 min incubation
at 25 �C. Aer washing with water, 50 mL of PBS was dropped
onto the electrochemical microcell to perform the DPV detec-
tion from +0.1 to �0.5 V, with a step potential of 4 mV, a pulse
amplitude of 50 mV, and a pulse period of 0.2 s.

Results and discussion

The PtNDs@GS was prepared by in situ deposition of PtNPs on
the surface of PVP encapsulated GS. Fig. 1 displays the TEM
images of PVP-GS and PtNDs@GS at different magnications.
The TEM image revealed exible few-layer wrinkled sheets of
Fig. 1 TEM images of (A) PVP-GS, (B) PtNDs@GS. (C) and (D) are the amplifi-
cations of (B) at two different scales.

This journal is ª The Royal Society of Chemistry 2013
the PVP-GS situated on the top of the copper grid (Fig. 1A),
illustrating the ake-like shape of GS. Using ascorbic acid as a
reduction reagent, K2PtCl4 could be reduced to PtNDs and
homogeneously distributed on the GS surface with a diameter
of around 45 nm (Fig. 1B and C). Fig. 1D shows the ne
structure of the PtNDs, which were constructed from thou-
sands of Pt nanoparticles with a 2 nm diameter, and possessed
a typical structure of clusters, internal clearance and a huge
surface area-to-weight ratio. The enriched deposition of PtNDs
would promote the reduction of oxygen, and the GS carrier
would improve the loading of PtNDs on the sensor surface,
as well as providing a feasible pathway for electron transfer
due to its remarkable conductivity. These properties should
permit the construction of an electrocatalytic platform for
biosensing.

Through the interaction of the thiol and amino functional
groups of antibody molecules with noble metal nanoparticles,42

the adsorptive immobilization of RaHIgG antibody onto PtNDs
should be a simple and effective means for stably attaching the
biomolecules and retaining the specic immunorecognition
ability. Fig. 2A shows the reectance absorption IR spectra of
PtNDs@GS and PtNDs@GS labeled RaHIgG. Compared with
the spectrum of PtNDs@GS (curve a), PtNDs@GS labeled
RaHIgG showed the typical vibrations of amide I and amide II of
the protein at 1524 and 1630 cm�1 (curve b),9 indicating the
successful assembly of RaHIgG on the tracing tag.
Fig. 2 (A) IR spectra of (a) PtNDs@GS and (b) PtNDs@GS labeled RaHIgG. (B)
XPS spectra of (a) PVP-GS, (b) PtNDs@GS, and (c) PtNDs@GS labeled RaHIgG.

J. Mater. Chem. B, 2013, 1, 5347–5352 | 5349
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Fig. 4 Effects of (A) concentration of the PtNDs@GS labeled RaHIgG and (B)
incubation time of the detection solution on the DPV response to 5 ng mL�1 HIgG
at the immunosensor.
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The successful assembly of RaHIgG on PtNDs@GS was also
veried by XPS spectroscopy (Fig. 2B). The spectrum of PVP-GS
shows distinct C 1s, N 1s and O 1s peaks (curve a). On the other
hand, the spectrum of PtNDs@GS shows a pair of strong new
peaks at 72.6 eV and 519.6 eV (curve b), which represent Pt 4f
and Pt 4p, respectively, indicating the existence of Pt element in
the nanohybrid. Compared with PtNDs@GS, the spectrum of
PtNDs@GS labeled RaHIgG shows an increase in the relative
contents of elements C, N and O, with a decline in the relative
content of Pt (curve c), consistent with the assembly of protein
on the tracing tag.

The electrocatalytic activity of PVP-GS, PtNDs@GS and
PtNDs@GS labeled RaHIgG towards the reduction of oxygen
was investigated by DPV measurements (Fig. 3). In the studied
potential window, the PtNDs@GS modied SPCE showed a
sensitive DPV peak at �0.15 V aer 50 mL of air-saturated PBS
was cast on the electrode surface (curve a), while PVP-GS
modied SPCE showed no obvious peak in air-saturated PBS
(curve b). Aer the adsorptive immobilization of RaHIgG, the
PtNDs@GS labeled RaHIgG modied SPCE showed a slightly
low DPV peak in air-saturated PBS (curve c), which derived from
the non-conductive protein wrapping around the outer layer of
the tracing tag. Meanwhile, in N2-saturated PBS, no electro-
catalytic current was observed in the PtNDs@GS labeled
RaHIgGmodied SPCE (curve d). These results indicate that the
largely amperometric response should be contributed to by the
catalytic reduction of dissolved O2 by PtNDs to H2O through a
four-electron process.33 The relatively strong catalytic ability of
PtNDs@GS labeled RaHIgG as an electrochemical tag was
expected to achieve highly sensitive biosensing.

In order to achieve optimal analytical performance of the
immunoassay, the incubation conditions were optimized. The
concentration of labeled antibody affected the extent and speed
of immunoreaction. Fig. 4A shows the effect of concentration of
the PtNDs@GS labeled RaHIgG on the DPV response. At 25 �C
with an incubation time of 45 min, the peak current increased
with the increasing concentration of labeled antibody from 0.1
to 0.2 mg mL�1, and reached a maximum value at 0.2 mg mL�1.
Beyond 0.2 mg mL�1, the peak current gradually decreased.
Thus, 0.2 mg mL�1 was selected as the optimal incubation
Fig. 3 DPV responses of SPCEs modified with 5 mL of (a) as-prepared PtNDs@GS
and (b) 2.0 mg mL�1 PVP-GS in air-saturated PBS, and the PtNDs@GS labeled
RaHIgG bound SPCEs in (c) air- and (d) N2-saturated PBS.

5350 | J. Mater. Chem. B, 2013, 1, 5347–5352
concentration for the sandwich immunoassay, at which the
incubation time was optimized. As shown in Fig. 4B, the DPV
response reached amaximum value at the incubation time of 45
min, indicating the saturated binding of the immunoreactions.
A longer time led to excess protein being bound to the sensor
surface and decreased the conductivity. Therefore, 45 min was
chosen as the optimal incubation time.

The use of the GS carrier offered a high amount of PtNDs on
each immunoconjugate and provided a feasible pathway for
electron transfer, and hence amplied the detectable signal from
the electro-reaction of dissolved oxygen. Under the optimal
detection conditions, the DPV peak current of the immunosensor
aer incubation with HIgG and PtNDs@GS labeled RaHIgG
increased with increasing HIgG concentration, which resulted in
an increasing amount of PtNDs captured on the immunosensors
(Fig. 5). Thus, the reduction peak potential shied to more
positive values with the increasing HIgG concentration. Mean-
while, the calibration plot showed a good linear relationship
between the peak current (peak height aer subtraction of the
background) and the logarithmic value of the HIgG concentra-
tion ranging from 1 pg mL�1 to 10 ng mL�1, with a correlation
coefficient of 0.985. The detection limit corresponding to the
current signal of three times the standard deviation obtained
from ve current measurements in the absence of HIgG was
approximately 0.87 pg mL�1, which was much lower than the
limits of 4.4 ng mL�1 for the magnetic bead based chem-
iluminescence resonance energy transfer immunoassay,43 50
pg mL�1 for a gold nanoparticle/GS based electrochemical
immunosensor,44 and 10 pg mL�1 for a quantum dot based
electrochemiluminescent immunosensor.45
Fig. 5 (A) DPV responses to 0.001, 0.01, 0.1, 1, 5, 10 and 100 ng mL�1 HIgG
(from bottom to top) using the proposed immunosensor. (B) Calibration curve.

This journal is ª The Royal Society of Chemistry 2013
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The specicity of the immunosensor was examined by testing
its DPV responses to interfering substances, such as BSA, CEA,
AFP, and glucose prepared in blank PBS. The responses of the
immunosensor to 10 mg mL�1 BSA, 100 ng mL�1 CEA, 100
ng mL�1 AFP, and 1 mM glucose were between 0.042 and 0.065
mA, which were near to that of the blank PBS (0.053 � 0.04 mA),
and much smaller than that of 0.1 ng mL�1 HIgG (0.49 � 0.03
mA), indicating the good specicity of the proposed immuno-
sensor. These results also indicated that the PEG modied SPCE
had good feasibility for the detection of serum samples.46

The inter-assay precision of the immunosensor was evalu-
ated by using ve chips. The coefficients of variation were 7.3%
and 4.6% for 0.5 and 5 ng mL�1 HIgG, indicating acceptable
precision and fabrication reproducibility. Aer the immuno-
sensors were stored in dry air in the dark at 4 �C for two weeks,
93.2% of the initial DPV response for HIgG remained. Thus, the
immunosensor possessed acceptable stability. These results
suggested that the immunosensor holds signicant potential
for application in clinical analysis.
Conclusion

This work designed PtNDs functionalized GS as an electro-
chemical label to develop a highly sensitive disposable immu-
nosensor. Combining the excellent conductivity of GS with the
strong catalytic ability of PtNDs, the designed tracing tag of
PtNDs@GS demonstrated excellent electrocatalytic activity
towards the reduction of oxygen. Moreover, the use of a GS
carrier offered a high loading amount of PtNDs on each
immunoconjugate, and hence amplied the detectable signal
from the electro-reduction of dissolved oxygen. Using dissolved
oxygen as a signal reporter, the detection process avoided
deoxygenation and additional signal molecules. Under optimal
conditions, the immunosensor achieved a low detection limit,
down to sub-picomolar levels. In addition, the immunosensor
showed excellent analytical performance with good fabrication
reproducibility, acceptable stability, precision and accuracy,
and showed potential for applications in clinical diagnosis. The
PtNDs@GS as non-enzymatic labels hold great promise in the
construction of electrochemical immunoassay methods, and
demonstrates proof-of-concept in signal-amplication strate-
gies for the ultrasensitive detection of biomarkers.
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