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A three dimensional graphene network (3DGN)@WO;
nanowires (NWs) sensor is proposed which can perform
colorimetric and electrochemical sensing techniques to
detect H,0,, ascorbic acid and dopamine. The 3DGN
provides three functions: anchoring, separating,
conducting, while the WO; NWs maximize surface area and
catalyse reactions.

Natural enzymes, though possess high specificity and high catalytic
activity are usually vulnerable to dramatic changes of environment.
This drawback induces intense researches on enzyme mimics which
is low-cost, simple to synthesize and much more stable under harsh
environments. It has been found that numerous nanomaterials
possess intrinsic capability to catalyse the oxidation and reduction of
H,0, as peroxidase mimics.!? As most researches indicated the
smaller the particles are, the more efficient the peroxidase mimics
would be.* But the downscaling of particle size would also result in
some problems. To most nanomaterials, the recycle of the
peroxidase mimics is always a challenge, for once dispersed into the
solution, they are impossible to separate unless employing vigorous
centrifuge.’ With regard to magnetic nanoparticles, they could be
easily recollected from the solution by magnets. But the magnetized
particles when dispersed into the solution are more likely to
aggregate which as a result deteriorates their catalytic efficiency.* ¢
To simplify the separation procedure and maximize the peroxidase-
like activity, a structure of 3D network with high catalytic
nanomaterials embedded would be favourable.

In most practical detections or diagnoses, a fast and cheap
qualitative test is often preferable before a more elaborate and
quantitative test.” Transforming the detection events into colour
changes, colorimetric biosensing are fast responding, low-cost and
readable to naked eyes. These advantages gain colorimetric sensors
great popularity in qualitative self-help tests. However, the
sensitivity and linearity of colorimetric sensors are still not
competitive to electrochemical sensors which though, are often
delicate, requiring the connection to signal analysis instruments.®
Until now, there is still no single device can combine the advantages
of colorimetric and electrochemical sensors and integrate both
techniques in one device.

Therefore, our aim is to synthesize a sensing platform which
not only possesses a freestanding 3D structure, peroxidase-like
activity and high electrochemical sensitivity, but also integrates the
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two orthogonal sensing methods: colorimetric and electrochemistry
(Scheme 1).
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Scheme 1 Schematic representation of 3DGN@WO; colorimetrically detecting
H,0; and AA and electrochemically detecting dopamine.

As one of the most promising materials, graphene, though has
good mechanical strength and outstanding electrical properties, is
always two-dimensional sheet whose morphology cannot be easily
changed which limits its active surface area and further
applications.” Very recently, there emerged a new form of graphene:
three-dimensional graphene networks (3DGN), a seamlessly
connected porous carbon network'® whose unique 3D macroporous
structure could be an ideal conductive and supportive freestanding
scaffold to accommodate catalyst, collect electrical signals, buffer
analytes and ease the separation process in colorimetric or
electrochemical detections. Among various metal oxides, WOj; has
many advantages such as simple synthesis, high catalytic activity,
good chemical stability and strong adherence to substrates.''
However, WOs; is rarely used in colorimetric or electrochemical
biosensors. With the CVD growth of 3DGN and hydrothermal
growth of WO; nanowires (NWs Scheme 2), we combined the
merits of 3DGN and WO; to obtain a multifunctional sensing
platform that integrate colorimetric and electrochemical methods to
detect H,0,, AA and dopamine.
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Scheme 2 Synthesis process of 3DGN@WO3; NWs array.

3DGN@WO;,

The digital image in Fig. la shows the macroscale
3DGN@WO; (left) and 3DGN (right). It could be seen that 3DGN
have good mechanical strength that the whole structure is self-
supporting, while comparing with 3DGN, the 3DGN@WO; on the
right is tinted yellow which indicates that WO; NWs are evenly
anchored on 3DGN. The weight of 1.5 mm %1 cm x1 cm 3DGN and
3DGN@WOs; is about 0.8 mg and 5.3 mg respectively. The low to
high magnification SEM images of 3DGN@WO; are shown in Fig.
1b-d. A three dimensionally interconnected network with pores from
100 um to 300 um in diameter can be clearly observed in Fig. 1b.
With no crack or breaks, the hollow graphene bridge is about 50 pm
wide where WO; NWs are uniformly located. Fig. 1d features the
structure of WO3; NWs array whose diameter is about 20 nm. The
3DGN offers a favourable structure to immobilize bioactive
molecules, to facilitate mass transfer and to collect the signals of
reactions, while the WO; NWs array provide large active surface
area to catalyse reactions.
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Fig.1 Morphology of 3DGN@W03 (a) Dlgltallmage of 3DGN@W03 (left) and
3DGN (right); (b-d) Low to high magnification SEM images of 3DGN@WOs.

The composition of 3DGN@WO; were first examined by XRD
(Fig. S2) in which all the peaks can be attributed to either 3DGN or
WOs;. In the Raman spectra of 3DGN (Fig. S3), two characteristic
peaks, G and 2D peaks at 1581 cm™ and 2725 cm™ respectively can
be easily observed and no peaks at 1350 cm™ indicates good quality
and the lack of defects.”> As XPS analysis shows, the three
characteristic peak of WOs, namely W4f;, at 35.7 eV, W4f;,, at 37.8
eV and W5ps, at 41.7 eV confirm the successful growth of WO,
NWs array on the 3DGN (Fig. S4)."° The Nyquist plots of
electrochemical impedance spectroscopy (Fig. S5) shows that the
impedance of 3DGN@WO; (43.52 Q) is relatively smaller than that
of bare 3DGN (52.66 Q) and WO5/GCE (144.7 Q) due to the large
active surface area and high electrochemical activity of WO; NWs
array on the highly conductive 3DGN.
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To investigate the peroxidase-like activity of 3DGN@WO; and
to colorimetrically detect H,O,, 3, 3°, 5, 5’-tetramethylbenzidine
(TMB) was used as the chromogenic substrate, which in the present
of H,O, would be catalysed by 3DGN@WO; from colourless to sky
blue (maximum absorbance 652 nm).
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Fig. 2 Colorimetric sensing of H,O, and AA in 0.5 mM TMB 0.1 M PBS solution.
(a-b) The calibration curve of absorbance at 652 nm versus the concentration of
H,0, and AA; (c) Recycling property of 3DGN@WOs; (d) Selectivity of
3DGN@WOs; to AA with adding 40 uM fructose, choline chloride (CC), glucose,
uric acid (UA), dopamine (DA), cysteine (CS) and NaCl respectively.

First, we compared the catalytic activity of 3DGN@WO;,
3DGN and WO; powder in 0.5 mM TMB 0.4 mM H,0, 0.1 M PBS
solution (Fig. S6). Though the peroxide-like activity of these
samples are time dependent, it could be clearly observed that the
efficiency of 3DGN@WO; is much better than that of bare 3DGN
which highlight the vital role of WO; NWs. And due to the
aggregation of WO; NWs, the WO; powder alone shows inferior
peroxidase-like activity than 3DGN@WOs;. To quantify the colour
change of TMB from colourless to blue, the calibration curve of the
absorbance to the concentration of H,O, is plotted in Fig. 2a: Abs =
0.02604 + 0.00325 [H,0,] (R = 0.999) demonstrating a good
linearity (up to 450um) and high sensitivity of 3DGN@WO; NWs
which ensure the accuracy of H,0O, detection.

Then the capability of 3DGN@WO; to detect ascorbic acid
(AA) is investigated. After adding 450 mM H,O0, to trigger the blue
colour change in 5 min, 0-100 mM AA is added into the solution and
induces rapid fading of the blue colour of oxTMB (Fig. 2b). The
resultant correction equation of absorbance to the concentration of
AA is Abs = 1.465 - 0.01349 [AA] (R = 0.999). Moreover, the
proportional relationship between the concentration of AA and the
decay of absorbance peak is very steady: even after ten times
recycling, the sensitivity is still above 80% (Fig. 2¢). In order to test
the selectivity of the catalytic reduction of oxTMB, the influence of
some other possible coexisting substances in human blood serum is
examined (Fig. 2d). There are no apparent changes of absorbance
with the addition of 40 pM fructose, choline chloride (CC), glucose,
uric acid (UA), dopamine (DA), cysteine (CS) and NaCl
respectively, indicating a good specificity to AA.

As we know, H,0, is an active oxidizing agent but cannot oxide
TMB directly without the aid of catalyst, while AA is a naturally
occurring organic compound with antioxidant properties. The whole
colorimetric reaction can be described by the following equations:

3DGN@WO;
TMB (colorless) + H,0, oxTMB (blue) + 2H,0

oxTMB (blue) + AA —— TMB (colorless) + dehydro AA

This journal is © The Royal Society of Chemistry 2012
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For the first part, it is a typical Fenton-type reaction as many other
peroxidase mimics.'"* !5 The WO, induced oxidizing radical *HO
from H,O, is a reactive oxidant which oxides the colourless TMB
into blue oxTMB.!* 7 When AA is added, the two-electron
reduction of oxTMB to TMB occurs and the colour changes from
blue to colourless.
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Fig.3 Electrochemical sensing of dopamine. (a) CV curves of 3DGN@WOj; in 0
and 0.4 mM dopamine solution at the scan rate of 50 mV/s; (b) CV curves of WOs3,
3DGN and 3DGN@WOs in 0.4 mM dopamine solution; (c) Dose response curve
of 3ADGN@WOj3 composite at the potential of 0.3 V, with a linear fitting at lower
concentration range. The inset shows the amperometric responses toward
successive addition of 10 pM dopamine per time; (d) Amperometric i-t response to
the addition of 20 uM DA, CS, AA, UA, glucose, fructose, CC, NaCl and DA.

Dopamine is a hormone and neurotransmitter that plays a
number of important roles in the human brain and body." To
investigate the electrochemical sensing property of 3DGN@WO; to
dopamine, firstly cyclic voltammetry (CV) is employed to show the
different responses with and without dopamine (Fig. 3a). Clearly, an
oxidation peak at about 0.49 V appears when 0.4 mM dopamine is
added into the solution. When increase the scan rate from 50 to 100
mV/s, both the potential and current of the oxidation increase (Fig.
S7) indicating a mass transfer controlled process.'” The different
responses of WO3; NWs, 3DGN and 3DGN@WO; to dopamine is
manifested in Fig. 3b, where the CV curve of 3DGN@WO; is
dramatically enhanced comparing with that of bare 3DGN and WO,
NWs only, suggesting impressive signal collecting function of
3DGN and the high electrocatalytic activity of WO; NWs array. On
the grounds that the oxidation reaction of dopamine is controlled by
diffusion, the Randles—Sevcik equation®® then can be utilized to
compare the electrochemical active surface area (ECSA) of
WO3/GCE, 3DGN and 3DGN@WO;. According to the equation,
ECSA is proportional to the peak current of both sensors, therefore
the ECSA of 3DGN@WOs; is four times to that of 3DGN (3.199 mA
to 0.7595 mA) and seven times to that of WO3/GCE (0.4210 mA),
suggesting the key role of WO; NWs in enlarging the surface area on
3DGN and the indispensable function of 3DGN in conducting and
anchoring WOs.

Holding at the potential of 0.3 V in 0.1 M PBS (pH 7.2) the
calibration curve of current versus dopamine concentration is plotted
in Fig. 3c. An ultrahigh sensitivity of 1.306 mA mM™ c¢cm™ (R.S.D.
of three samples is 4.56%) is obtained and the resultant linear range
is up to 150 uM (R = 0.997), lowest detection limit 238 nM (S/N =
3) and the response time 4 s. The comparison of amperometric i-t
responses of WO;/GCE, 3DGN and 3DGN@WOs is plotted in Fig.
3c inset. Although the WO3/GCE have a long linear range and the
bare 3DGN have the noticeable sensitivity at the low concentration
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region, WO; NWs alone suffer low sensitivity and the performance
of 3DGN deteriorates fast with the successive addition of dopamine.
By contrast, the sensitivity of 3DGN@WO; almost triples that of
WO; alone and can remain at a relatively long range of
concentration which demonstrates its good stability (also see Fig.
S8) and fast desorbing speed of redox product. At last, the selectivity
of 3ADGN@WO; is manifested in Fig. 3d. Obviously, the sensor
presents good specificity to dopamine and can eliminate the
interference of fructose, glucose, UA, AA, CC, CS and NaCl.

The macroporous network of 3DGN play a key role in buffering
eletrolytes to minimize the diffusion distance to the surface of WO,
NWs which results in fast sensing response. Thanks to its superior
conductivity, the 3DGN can collect signals from vast range of
reaction sites and transmit them rapidly to the analyser. At the same
time, on the surface of WO; occurs the redox of dopamine: WO3 +
xH* + DA - H,WO; + DA quinone .* WO; NWs array can
further boost the response of dopamine due to its large nanoscale
surface area and electrocatalytic properties. Therefore, it is the
synergetic combination of 3DGN and WO; NWs that induce the
outstanding sensing property.

To summarize, a facile synthesis route of 3DGN@WO;
nanowires array using CVD and hydrothermal method was
prompted. For the first time, this sensor is demonstrated to have the
intrinsic peroxidase-like activity to colorimetrically detect H,O, and
AA and electrochemically detect dopamine. The 3DGN possesses
outstanding mechanical strength and light weight to serve as a
monolithic freestanding sensing scaffold. In the colorimetric
detection, thanks to its macroscale network with large surface area,
3DGN can uniformly accommodate nanoscale catalyst without
aggregation and make the separation of the catalyst from solution
much easier than traditional catalytic particles which are vulnerable
to aggregation and difficult to separate. In electrochemical detection,
the foam like structure of 3DGN acts as an eletrolytes reservoir to
shorten the diffusion distance and as a current collector to boost
electrical sensitivity. Meanwhile, as the main catalyst in both
colorimetric and electrochemical sensing, the WO3; NWs maximize
the reactive surface area, show high peroxidase-like and
electrocatalytic activities. Considering that its unique hierarchical 3D
structure is beneficial to mimic 3D environment of cell living,
3DGN@WO; has the potential to function both as scaffold
supporting cells and as a real-time sensor monitoring analytes
mimicking in vivo condition.
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