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A B S T R A C T

Because of the advanced work mechanism on enzyme direct electron transfer, third-generation
biosensor has aroused the growing attentions in recent decade. Herein, a novel structured 3rd generation
glucose biosensor was constructed by the in-situ limited electrodeposition of gold nanocubes on a thiol
graphene film. On account of the restriction from –SH group, initially, a tightly distributed Au seed layer
was homogeneously formed to cover the graphene surface. Then 100 nm well-defined Au cubes were
grown above with a uniform distribution, resulting in the low electrochemical resistance. Due to the
synergistic effects of uniform distribution and regular nanostructure, the as-prepared biosensor owned
an ultrasensitive response (221.0 mA�mM�1�cm�2) in glucose detection under �0.4 V. Such a low
operation potential also provided an excellent anti-interference ability to the existence of ascorbic acid
and uric acid. This new biosensor with outstanding sensitivity and selectivity can be further developed in
trace analysis of more complex detection systems.
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1. Introduction

Since Clark and Lyons designed and created the first glucose
biosensor in 1962 [1], this field has aroused the strong interests
from chemists and biologists due to the important meanings for
humans' life and health. Although numerous biosensors have been
developed in more than half century, only three categories have
been distinguished according to the difference of response
mechanisms [2]. First-generation glucose biosensor depends on
natural oxygen cosubstrate whose concentration is sensitively
fluctuating with environment [3], therefore, its performance is not
stable. The signal of second-generation one is produced by the
redox of electron mediator for electron transport from enzyme
active center (flavin adenine dinucleotide, FAD) to electrode [4–6].
However, the indirect signal reception will increase electron
resistance to evidently reduce the performance. At present, a novel
concept has been proposed as a third-generation biosensor. Instead
of mediator, film can be served as a bridge to connect FAD and
electrode for direct electron transfer [7–11], thus leading to a high
sensitivity which can obviously increase the accuracy of prepared
biosensor under a very low potential. Nevertheless, this new
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product has not yet shown enough superior ability to totally
substitute mediator based biosensor. Current electrode materials
cannot provide both satisfied catalysis and conductivity by using
third-generation response behavior, hence more advanced and
fitted materials should be developed.

Gold is widely applied as an electrode modifier with excellent
catalytic function, especially for its new innovations of nanostruc-
ture, such as nanoscaled flower-like, urchin-like, aloe-like and
pinecone-like morphologies [12–15]. However, its high catalytic
potential can induce a synchronously oxidation of co-existed
substance which may produce an inaccurate factor. This deficiency
could be extinguished by the introduction of graphene material.
Graphene has been demonstrated that it can directly connect FAD
of enzyme and electrode surface to establish a channel for rapid
electron transportation [16–18]. Therefore graphene can obviously
reduce the operation potential, normally lower than �0.2 V [19,20].
However, during the real application, the performance of pure
graphene film has not exhibited very remarkable advance in
sensitivity and detection limit. This is mainly due to its low
catalysis activity caused by the single composition of stable carbon
element [21]. Nano-gold is of high catalysis but of high operation
potential, and graphene is of low operation potential but of weak
catalysis. If advantages can be integrated without original defects, a
superior biosensor can be expected.
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In this work, uniform Au nanocubes (AuNCs) were in-situ
synthesized on thiol grafted graphene surface. Together with the
bridging function of sulfhydryl group with Au crystals, the
crystallization behavior of Au was greatly affected by graphene
layer to produce well-distributed nucleuses. Deposition potential
and electric quantity have been confirmed to be two key
parameters to determine the morphology and size of Au crystals
respectively. Also due to the existence of sulfydryl group, without
any cross-linker, oxidase can be directly immobilized on the
AuNCs/graphene composite film surface to construct a third-
generation glucose biosensor. This biosensor can be applied under
a very low potential, �0.4 V, with outstanding sensitivity and
stability to exhibit both advantages of Au and graphene.

2. Experimental Section

2.1. Reagents and apparatus

Thiol graphene (4.0 wt% hydroxyl ratio) was synthesized by
Jcnano Technology Co., K4[FeCl6]�3H2O (Sigma-Aldrich), K3[FeCl6]
(Sigma-Aldrich), glucose (Sinopharm Chemical Reagent Co., Ltd.,
China), ascorbic acid (AA) (Sinopharm Chemical Reagent Co., Ltd.,
China), uric acid (UA) (Sinopharm Chemical Reagent Co., Ltd.,
China) and 30 wt% H2O2 (Sinopharm Chemical Reagent Co., Ltd.,
China) were of analytical grade purity and used without further
purification. Au deposition solution was prepared with the mixture
of 3 mM HAuCl4 and 50 mM KClO4. 4.5 mg glucose oxidase (GOD,
EC1.1.3.4, 168800 units/g, from Aspergillus niger, Sigma-Aldrich)
were dispersed in 1500 mL of 0.05 phosphate buffer solution with
0.1 M KCl (PBS, pH=6.5) and was sufficient for preparation of three
electrodes.
Fig. 1. The preparation scheme of Au nanocube
Electrochemical characterizations were realized by an electro-
chemical workstation (CHI660C, Shanghai Chenhua, China). All
cyclic voltammetry (CV) experiments were operated in PBS at 25 �C.
A Pt wire and Ag/AgCl were used as the counter and reference
electrodes, respectively. The scan rate was 50 mV�s�1. Electrochemi-
cal Impedance Spectroscopy (EIS) characterizationwas carried out at
the -0.05 V potential. The measurementof the potential amplitude of
5 mV from the frequency range 0.05 Hz to 105 Hz was made in the
buffer solution. All field emission scanning electron microscopy
(FESEM) images were taken by Hitachi-4800. Atomic force
microscopy (AFM) characterization was relied on the XE100.

2.2. Pretreatment of the Au disk

In order to satisfy the clean and plane demands to substrate, Au
disk (2 mm diameter) was first polished as a mirror by metallo-
graphical sand paper. Then the disk was dipped into a Piranha
solution (7:3 mixture of H2SO4 and H2O2, v/v) for 30 min and rinsed
with water. Finally, it was washed in ultrasonic environment for
30 min for ready usage.

2.3. Preparation of graphene film on Au disk

5 mg thiol graphene powder was added into 20 ml deionized
water to form graphene deposition source. In order to uniform
disperse the graphene sheet, this suspension liquid was then
vibrated by a probe-type sonicator (KBS-650, Kunshan Shumei,
China) with a 20 KHZ of ultrasonic frequency for 10 min.
Subsequently, Au disk was vertically suspended to immerse the
graphene source. After 30 min, the graphene film has been already
modified on Au surface.
/graphene composite film based biosensor.
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2.4. Electrodeposition of AuNCs

Graphene modified Au disk was served as the work electrode,
and immersed into the prepared deposition solution. Electrode-
position process was applied under steady potential. The change of
deposition quantity was recorded, and then stopped as require-
ment. The deposited electrode was cleaned by deionized water and
dried at 100 �C for 30 min.

2.5. Construction of glucose biosensor

The prepared Au/graphene electrode was immersed into the
glucose oxidase solution for immobilization. Due to the existence
of -SH on graphene surface, oxidase can directly adhere on the film
by the interaction produced by the -S-S- from protein and -SH from
graphene.[15] One hour adsorption was required to make the
oxidase strongly and enough combination on film surface (Fig. 1).

3. Results and discussion

3.1. Functioned modification of uniform graphene film

In order to provide a uniform and flat basement for the growth
of Au crystal, graphene layer should be required to own an
integrate surface with rare defects. Although thinner graphene film
may arouse better performance, too thin graphene is difficult to
form a non-defective surface due to the small area of single sheet
[22,23]. It is required an appropriate thickness to allow the overlap
between small sheets to cover the bare support. Attributed by the
existence of thiol, graphene can be more easily modified on Au
support with a uniform overlap. According to the comparison of
Fig. 2(a) and (b), an integrate film has veiled all the origin scratches
Fig. 2. FESEM images of (a) Au support surface and (b) graphene deposited surface. The
surface.
of support surface after the deposition of graphene. The layered
structure of graphene can be distinguished in both FESEM and AFM
surface. Neglection of the height difference caused by the support,
the thickness of modified graphene can be calculated to be
53.4 nm. This film was further characterized by FTIR to investigate
the bonding state. As shown in Fig. S1, at 1100 cm�1, an adsorption
peak appears to indicate the bond of Au–S– sulfide structure which
illustrates the already combination of thiol graphene and Au
support [24]. It should be noticed that besides of the bonded –SH,
at peak 804 cm�1 where represents the free bending of –SH [25], it
also existed an obvious adsorption signal.

This can confirm that the prepared graphene film still left
unbonded thiol groups for following Au deposition because of
enough overlapped graphene sheets. Due to the flat and uniform
graphene film, further loaded Au crystals can enjoy the equal sites
for their growth, but be limited by –SH groups. This functionalized
modification is possible to change the deposition morphology of
Au film.

3.2. Effects of deposition potential on Au growth

Electrochemical deposition approach was adopted for the
growth of Au crystals. Due to the effects on electron transfer state
and redox reaction rate, potential can mainly determine the
morphology and electrochemical behavior of prepared material
[26]. On graphene surface, HAuCl4 was continuously reduced to Au
crystal and adhered by thiol group from graphene. Four samples of
Au deposited graphene electrodes were fabricated under different
potentials: �0.2, �0.1, 0.1 and 0.2 V. EIS technique was first applied
to investigate the potential influence on electrochemical proper-
ties. As shown in Fig. 3, the impedances scanned by high frequency
have been quite different. The diameter of electric semicircle,
 bar is 500 nm; (c) the AFM image and line height scanning of graphene deposited



Fig. 3. (a) EIS diagrams of different preparation potentials for Au deposition with the same electric quantity 5�10�3 C;
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which is produced by the electron interface transfer, owns the
lowest value for �0.2 V deposited Au film. This can illustrate that
the prepared Au film is of the fastest transfer rate of reactive
electron from the solution to graphene surface.[27] According to
the simulation by equivalent circuit, the exact data of Rct which
represents the charge transfer resistance across Au film have been
respectively calculated as 960, 1479, 32930 and 2658 V for �0.2,
�0.1, 0.1 and 0.2 V. Since the same element of Au, this distinction
may be attributed to the different microstructures. From the
FESEM results in Fig. 4, we can find that four potentials have
produced four totally different film morphologies, although the
synthesized Au amount is equal by the control of reduction electric
Fig. 4. FESEM images of Au deposited graphene surfaces prepared by different potentials
The bar is 2 mm.
quantity. Different with other potentials, especially, under �0.2 V,
the graphene surface has uniformly grown lots of isolated gold
crystals. The uniform surface state can promote the electron
transfer rate which can decrease the electrochemical resistance.
These crystals own well-defined cube shape of ca. 100 nm without
any template limitation. With the region magnification of single
crystal, it is clear that there is a layer accumulated by much smaller
Au particles under nanocube. These particles are also homoge-
neous with the size and location which is mainly due to the
restriction created by –SH group from graphene. This layer was
first formed to serve as a seed crystal film for further growth. If
without the introduction of thiol graphene, the shape of Au crystal
 under the same electric quantity 5�10�3 C: (a) �0.2 V; (b) �0.1 V; (c) 0.1 V; (d) 0.2 V.
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will be quite different. In Fig. S2, we can find the deposited Au did
not show any regular morphology. The size of single crystal was not
uniform, distributed from 0.5 to 4 mm. Besides, different with
graphene loaded substrate, no Au seed layer had been formed
under the top Au crystals. This is because, without the restriction of
–SH group, Au will prefer aggregation together to form bigger
crystals instead of uniform distribution. Therefore, above eviden-
ces can confirm that thiol graphene can change the original growth
behavior of Au to push crystals more uniform due to the strong
interaction between –SH and Au. In order to clarify the evolution
mechanism of cubic Au, different growth stages were studied from
the initial deposition.

3.3. Growth evolution of AuNCs

In electrodeposition process, the amount of electron transfer
can be applied to calculate the amount of material produced by
redox reaction. Thereby, the evolution course can be monitored by
electric quantity. As shown in Fig. 5, six electrodes already
deposited for 2�10�3, 3�10�3, 4�10�3, 5�10�3 C, 10�10�3 C and
15�10�3 C were selected to represent the growth stages. Initially,
the deposition behavior is the formation of an amorphous Au film.
In Fig. 5(a), there are still some positions uncovered by Au to
Fig. 5. FESEM images of Au deposited graphene surfaces prepared by different electric q
(d) 5�10�3 C; (e) 10�10�3 C; (f) 15�10�3 C. The bar is 200 nm.
expose graphene substrate. With further deposition (Fig. 5(b)),
these deficiencies have been patched. Moreover, on some sites,
bigger crystals appeared above former Au layer. When the quantity
reached 4�10�3 C, more supernatant crystals were separately
accumulated, furthermore some shapes were similar with cube.
Till 5�10�3 C, almost surface crystals have finished their growth to
cubic morphology. Accordingly, the growth of Au nanocube can be
divided to two parts: seed crystal layer formation on graphene
surface and further accumulation based on seed layer. But, above
double-layer structure will be transformed, if the deposition
quantity is further applied to 10�10�3 C. The crystal stacking of top
Au was more obvious to form a dense film. Although cube shaped
Au can still be observed on partial sites, most crystals have
exhibited the flower-like structure which is similar with the film
directly deposited on substrate [28]. Continuous deposition will
bring the thorough change of whole surface to hardly find a cubic
Au crystal. This excessive deposition can cause the sudden increase
of film thickness and decrease of catalytic area. In this case, the
function of graphene will be weakened with the layer thickening,
resulting in more resistance for electron transfer. Moreover the
electrocatalysis of nano-Au will also be affected to decreasing by
missing its regular structure. Normally, regular nano-material can
always arouse a promotion of catalytic function in biosensor
uantities under the same potential �0.2 V: (a) 2�10�3 C; (b) 3�10�3 C; (c) 4�10�3 C;
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application [29]. Here, the performance of AuNC will be
investigated to confirm its superior ability in target analysis.

3.4. Electrochemical performance of AuNCs/ graphene electrode

As mentioned before, the combination of graphene and Au is
aimed to achieve a biosensor with both low operation potential
and high catalysis. Accordingly, as-prepared composite film was
first to test the optimum operation potential. Relied on the CV
scanning in Fig. 6, the result shows that only graphene modifica-
tion just brought a slight signal change after the immobilization of
GOD. However, since the introduction of AuNCs, the shape of CV
diagram has changed much to indicate the promotion of enzyme
reaction. It should be noticed that the AuNCs/graphene composite
film did not produce any redox peaks before enzyme loading which
illustrated the signal change was attributed to the direct electron
transfer of GOD for the conversion of GOD(FAD) to GOD(FADH2)
[30]. Around �0.4 V, there was a strong signal enhancement during
the reduction scanning. As reported, the normal function potential
of graphene for FAD connection is �0.4��0.6 V.[31] For exclusion
of the O2 catalysis possibility, the biosensor was also scanned by CV
under the N2 saturated atmosphere (Fig. S3). The result showed a
slight difference of current signals with and without dissolved
oxygen which confirmed the current response was due to the
electron transfer from FAD by the prepared film. Above result also
demonstrates that the introduction of Au film will not affect the
sensitive potential of graphene, instead, giving the intensification
of FAD connection. The quantities of 3�10�3, 4�10�3, 5�10�3,
10�10�3, 15�10�3 and 20�10�3 C were adopted to prepare the
electrode samples for performance characterization. Chronoam-
perometry method was introduced to evaluate the sensitivities of
prepared biosensors. Under �0.4 V, equivalent glucose concentra-
tion was added for same time interval. Shown in Fig. 7, all current
difference values of five biosensors were collected in one diagram.
It is obvious that increase of Au amount cannot always obtain the
better performance. The current signal has strengthened most for
AuNCs/graphene biosensor prepared by 5�10�3 C. For clarity,
sensitivities were respectively calculated as 129.5, 170.0, 221.0,
89.3, 75.3 and 41.0 mA�mM�1�cm�2 from the low to high applied
Fig. 6. The CV diagrams of graphene and AuNCs/graphene electrode prepared
electric quantities, and AuNC morphology owns the top sensitivity.
We have also tested the reproducibility of best prepared electrode
by four samples. The relative standard deviation (R.S.D.) of
sensitivity is 6.8%. The Michaelis-Menten constant which can
show the substrate's affinity for the enzyme was tested as 5.1 mM
to illustrate the firm immobilization of enzyme on AuNcs/
graphene surface (Fig. S4). After the successive 10 additions of
0.1 mM glucose, one electrode can keep its 96% sensitivity for the
next analysis. The excellent repeatability is mainly due to the
strong interaction between –SH and Au for firmly maintaining the
structure of prepared composite film during the continuous
operation. For investigation of the stability of prepared biosensor,
the fresh electrode was first detected the sensitivity. Then it was
washed clean and stored at 4 �C for two weeks without any special
treatment. Subsequently, this biosensor was characterized again
for the investigation of the stability. The result was shown in
Fig. S5. After 2 weeks storage, the sensitivity saved 79.3%
performance. Consideration of the already usage and simple
storage method, this performance stability can be accepted.

In Table 1, the performance of graphene or Au based biosensors
in literatures has been compared. Currently, many researchers
have already referred to the application of nanoscaled Au and
graphene. However, most of them cannot well control the Au
morphology on graphene surface, therefore, only irregular nano-
particles are often obtained as the electrocatalytic material.
Without the structure regularization, the catalysis of nanomaterial
has been widely demonstrated to obviously weaken. By the
comparison of sensitivity values, it can be found that although the
composition is similar, nanocube structure can increase nearly
4 times of sensitivity than nanoparticle. This is because the regular
edge of each cubic crystal is usually served as the high catalytic
sites [40]. As expectation, the more edges exists the better
performance it will own. Indeed, not total catalytic ability was
ascribed to nanocubes. Compared with the only seed crystal film
(quantity of 3�10�3 C), ca. 70.6% performance promotion came
from cubic structure. This contribution is mainly due to the
synergistic effect of uniform isolated distribution and regular
morphology. As demonstrated, biosensor will own a very high
electrochemical performance if the sensing film can be of an
 under 5�10�3 C before and after immobilization of GOD in PBS solution.



Fig. 7. (a) the results of chronoamperometry characterization for AuNCs/graphene electrodes prepared by quantities of 3�10�3, 4�10�3, 5�10�3, 10�10�3, 15�10�3 and
20�10�3 C; and (b) the linear dependence of response currents vs. glucose concentrations.

Table 1
Performance comparison between prepared AuNCs/graphene biosensor with other graphene or Au based biosensors.

Modifier E vs (Ag/AgCl)/V Sensitivity
(mA mmol L�1 cm�2)

Detection Principle Reference

AuNCs/graphene �0.4 221.0 Direct transfer This work
Graphene/polyaniline/
Au nanoparticles

�0.42 20.32 Direct transfer [32]

Polydopamine/graphene 0.7 28.4 Mediator transfer [33]
Pt-Au/graphene 0.8 28.31 Mediator transfer [34]
Reduced graphene oxide/Au nanoparticles �0.3 34 Direct transfer [35]
Graphene/ Au nanoparticles �0.45 47.6 Mediator transfer [36]
Pt/graphene �0.25 62 Mediator transfer [37]
SCCO2/Au/graphene 0.3 97.8 Non-enzyme [38]
Poly(N-butyl
benzimidazole)/graphene

�0.3 143.5 Mediator transfer [39]
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islands integrated structure in nanoscale because of the coefficient
function from numerous theoretical micro-electrodes [41]. More-
over, effective reaction area can also obtain increase by the
formation of isolated cubes on seed layer. Compared with electrode
deposited by 20�10�3 C, due to the excessive reduced Au, crystals
have conjunctly grown together to loss original cubic structure,
meanwhile the specific surface area has been also decreased. In
this case, the sensitivity has suddenly decreased. High sensitivity
means the more current amount will produce for the certain
glucose concentration. On the one hand, high target response
current can obviously decrease the interference from the co-
existed substances in whole blood to promote the accuracy of
glucometer; on the other hand, high sensitivity based biosensor
Fig. 8. (a) The response time characterization of prepared biosensor with the addition of 

chronoamperometry method.
can strongly bear the performance loss by long-term storage. Also,
the operation potential of our prepared biosensor is lower than
most biosensors in Table 1. Besides, as shown in Fig. 8(a), since the
0.1 mM glucose was added into the buffer solution, the current
signal responded to decrease immediately. Within 1.5 s, a steady
step had formed which illustrated the high efficiency of prepared
biosensor to glucose detection.

In real application, normally, the target is coexistence with
lots of interferences. Accordingly, the accuracy is always an
essential index to evaluate the quality of biosensor. In order to
test the anti-interference ability of prepared biosensor, UA and AA
were served as samples to successively add into the cell during
the chronoamperometry process. AA and UA were the most
0.1 mM glucose; (b) Anti-interference test of prepared AuNCs/graphene biosensor by
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common coexistences with glucose in blood or fermentation
system. Also their oxidation potentials were very low [4], which
can easily produce the interfering current by electrochemical
method. Accordingly, application of AA and UA will be appropri-
ate to exam the accuracy of prepared biosensor. As shown in
Fig. 8, AA and UA can rarely produce the disturbing current caused
by the electrochemical oxidation which is mainly attributed to the
low operation potential. Consequently, as-prepared AuNCs/
graphene biosensor can produce a high catalysis under very
low potential.

4. Conclusions

A novel structured Au nanocubes/graphene composite film was
in-situ fabricated by limited electrodeposition without any
template. On an even thiol grafted graphene surface, since an
Au seed crystal layer had been grown with the restriction of –SH
group, 100 nm sized Au cubes were separately synthesized with
uniform distribution on seed layer. According to the comparisons,
�0.2 V and 5�10�3 C were confirmed as the optimum parameters
for film preparation. Under a low potential -0.4 V, this composite
film owns an excellent performance for glucose detection because
of the synergistic effect of uniform isolated distribution and
regular morphology. As-prepared film can be further applied in
trace analysis for more physiological activators by change of the
matching proteins. Due to both high catalytic and conductive
abilities, not only in biosensor fabrication, this composite material
can also be promising in other researches referred to electro-
catalysis.
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