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ABSTRACT A thin-walled graphitic nanocages material with well-developed graphitic structure, large specific surface area and
pronounced mesoporosity was synthesized and used to construct a sensing interface for an amperometric glucose biosensor, showing
a high and reproducible sensitivity of 13.3 µA mM-1 cm-2, linear dynamic range of 0.02-6.2 mM, and fast response time of 5 s. It
was successfully used to accurately detect glucose in human serum with effective discrimination to common interference species
such as dopamine, ascorbic acid, acetaminophen, and uric acid.
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The development of enzymatic biosensors has become
an active research area as it plays an important role
in the clinical and industrial applications (1-4). A

major goal in enzymatic biosensors is to develop novel types
of biosensors with high sensitivity, fast response, good
selectivity, and long-term stability for various applications
(5-7). Different approaches have been developed, among
which the use of functional nanomaterials has attracted great
attention because they can efficiently facilitate electron
transfer between enzyme and electrode, while allowing the
detection at low potentials (8-10). Among various kinds of
functional nanomaterials, mesoporous carbons have at-
tracted increasing interest because of their advantages of
suitable mesoporosity, high specific surface area and large
pore volume (11). Different kinds of mesoporous carbons
such as bicontinuous gyroidal carbon for myoglobin (12),
whiskerlike carbon for hemoglobin (13), ordered mesopo-
rous carbons for glucose oxidase (GOD) (14), and porous
carbon aerogel for multicopper oxidases (15), have been
fabricated and used to construct enzymatic biosensors.
However, the currently reported mesoporous carbons are
always poorly graphitized, resulting in relative poor conduc-
tivity (16, 17). Good conductivity of an electrode material is
very essential to achieve a high-performance biosensor
(18, 19). Therefore, mesoporous carbons with well-devel-
oped graphitic structure in biosensing applications are highly
needed.

Herein, we present an enzymatic glucose biosensor based
on thin-walled graphitic nanocages with well-developed

graphitic structure and distinguished hollow interiors. The
prepared glucose biosensor exhibits a high and reproducible
sensitivity, broad linear dynamic range, and fast response.
It is successfully used to accurately detect glucose in human
serum with effective discrimination to common interference
species such as dopamine, ascorbic acid, acetaminophen,
and uric acid.

The structure of prepared graphitic nanocages was char-
acterized. SEM image (Figure 1a) illustrates that the nano-
cages have particlelike structure with quite uniform size. The
XRD pattern in Figure 1b shows three peaks at around 26,
44, and 78°, which can be assigned to the reflections of
graphitic planes (002), (101), and (110) respectively (11),
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FIGURE 1. (a) SEM image, (b) XRD, (c) nitrogen adsorption/desorp-
tion isotherms, and (d) TEM image of graphitic nanocages. Inset of
c is the pore size distribution. Inset of d is the HRTEM image showing
the graphitic layer space of 0.34 nm.
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suggesting the nanocages have well-developed graphitic
structure. Their specific surface area calculated from the
nitrogen adsorption/desorption isotherms (Figure 1c), is as
high as 613 m2 g-1, much larger than other graphitic carbons
such as SWNTs and MWNTs (20). According to BJH method,
the pores are mainly distributed from 3 to 20 nm (inset of
Figure 1c). The well-developed graphitic structure is further
confirmed by TEM (Figure 1d). TEM image displays that the
nanocages consist of hollow interiors and their walls are
made up of several graphitic layers with a distance around
0.34 nm (inset of Figure 1d). Some defects induced by HNO3

treatment are also observed (arrow in Figure 1d) on walls
of nanocages, making them suitable hosting matrix for
enzyme immobilization. Considering the well-developed
graphitic structure, larger specific surface area, and pro-
nounced mesopore size distributions, the nanocages can be
a good candidate to immobilize enzyme for sensitive
biosensing.

The conformational change of the enzyme GOD im-
mobilized on graphitic nanocages was examined by IR
spectroscopy, an efficient tool to study the bioactivity related
secondary structure of proteins (5). Two obvious IR absorp-
tion bands centered at 1650 and 1544 cm-1 are observed
for GOD itself (Figure 2a), ascribing to the typical amide I
and II adsorption band, respectively (19). Another band
around 1100 cm-1 is also seen, corresponding to the stretch-
ing vibration of C-O of GOD (19). The graphitic nanocages
exhibit bands at 1382 and 1635 cm-1 (Figure 2b), which
correspond to the CdO stretching vibrations from ketones
or carboxyl groups (11). For GOD immobilized on graphitic
nanocages (Figure 2c), it is clear that both amide I and II
bands have almost no change. Moreover, the stretching
vibration band around 1100 cm-1 is still here. Thus, the FTIR
spectra suggest that GOD can hold its native structure on
graphitic nanocages. This is particularly critical to make GOD
functionable for enzymatic activity.

The electrochemical property of the GOD/graphitic nano-
cages modified glassy carbon electrode (GCE) was studied.
From curve 3 in Figure 3a, GOD/graphitic nanocages modi-
fied GCE exhibits a pair of well-defined redox peaks at
-0.434 and -0.391 V, consistent with reported values for
FAD/FADH2, the active sites of GOD at neutral pH (14). By
contrast, no obvious redox peaks are observed on GOD (or

graphitic nanocage) modified GCE alone. Interestingly, gra-
phitic nanocage modified GCE exhibits a well-squared CV
curve, which might be caused by their large double layer
capacitance, resulting from the highly porous structure. The
property of redox reaction process of GOD immobilized on
graphitic nanocages was studied by varying the scan rate. It
is found from Figure 3b that the redox peak currents
increase linearly with scan rates from 20 to 200 mV s-1,
indicating the redox reaction is a surface-controlled electro-
chemical process (5) and the redox signals really come from
GOD immobilized on graphitic nanocages. Calculated from
Laviron equation (21), the electron transfer rate constant (ks)
of GOD on graphitic nanocages is 5.84 s-1, much higher than
that of GOD on ordered mesoporous carbon (3.92 s-1) (14),
MWNTs (1.53 s-1) (22), and SWNTs (0.3 s-1) (23). Appar-
ently, the graphitic nanocages can more efficiently facilitate
electron transfer between active sites of GOD with electrode.
The electrocatalytic behavior of GOD/graphitic nanocages
modified GCE toward glucose was examined. When glucose
with different concentrations is added, the reduction peak
current gradually decreases (Figure 3c), whereas no response
is observed for graphitic nanocage modified GCE. These
results demonstrate GOD immobilized on graphitic nano-
cages retains its catalytic activity toward glucose. Similar
observations have also been reported on other GOD-im-
mobilized electrodes and this phenomenon is always used
to detect glucose in glucose biosensors (5, 14, 22). The
glucose sensing mechanism is a GOD direct electron transfer
process with competitive glucose oxidation and oxygen

FIGURE 2. FTIR spectra of (a) GOD, (b) graphitic nanocages, and (c)
GOD/graphitic nanocages.

FIGURE 3. (a) Cyclic voltammograms (CVs) of different materials
modified glassy carbon electrodes (GCEs) in 0.1 M N2-saturated PBS
(pH 7.0) at 100 mV s-1. (1) GOD, (2) graphitic nanocages, and (3)
GOD/graphitic nanocages. (b) Plots of peak current versus scan rate
for GOD/graphitic nanocages modified GCE. (c) CVs of GOD/graphitic
nanocages modified GCE in 0.1 M air-saturated PBS (pH 7.0) with
different glucose concentrations: (1) 0, (2) 5, and (3) 10 mM. (d) Plot
of relative response of GOD/graphitic nanocage modified GCE in 0.1
M air-saturated PBS (pH 7.0) containing 5 mM glucose versus the
GOD immobilization concentration.
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reduction, which has been systematically studied recently
by us (24). By comparing the GOD catalytic behavior in air-
saturated and in nitrogen-saturated glucose solution, it is
found that the response in air-saturated glucose solution is
larger than that in nitrogen-saturated glucose solution (24),
and thus the presence of oxygen has a positive effect on
sensitivity of glucose detection. The effect of GOD im-
mobilization concentration on the catalytic performance
toward glucose oxidation was investigated. As shown in
Figure 3d, the highest response of the electrode is obtained
at GOD concentration around 10 mg mL-1.

The performance of the biosensor toward glucose is
evaluated by amperometric response to successive addi-
tions of glucose at -0.5 V. As shown in Figure 4a (curve 2),
immediately after the addition of glucose, the current changes
and reaches a steady state within 5 s. The calibration plot
based on the change of the steady-state current is shown in
Figure 4b. The linear response range is from 0.02 to 6.2 mM
with a detection limit of 8 µM for a signal-to-noise ratio of 3.
The sensitivity of the sensor determined from the slope is
13.3 µA mM-1 cm-2. The analytical performance of the
biosensor is compared with some other glucose biosensors
and the results are summarized in Table S1 in the Supporting
Information. Control experiment was also carried out by
successive additions of glucose to a graphitic nanocage
modified GCE at -0.5 V (curve 1 in Figure 4a), which shows
negligible response.

The electrode was further used to detect glucose in
human serum (glucose concentration of 5.85 mM, provided
in the product information sheet). Figure 5 shows a typical
response on injection of 100 µL of the serum into 900 µL of
PBS, resulting in 0.53 µA response. Calculated from the
response (0.53 µA) and sensitivity (13.3 µA mM-1 cm-2) of
the biosensor, glucose concentration in the serum is 5.88
mM, which is almost the same with the value of 5.85 mM
provided by the manufacturer, suggesting the accurate
measurement of the biosensor. Nevertheless, for precise
measurement of glucose level in blood of patient with
diabetics, dilution of blood sample is still needed. The
interference from common interference species such as
dopamine, ascorbic acid, acetaminophen and uric acid was
also investigated by using their relevant physiological levels

(0.1 mM). Injections of these interferences show negligible
responses (Figure 5). As a biosensor application, the stability
is also critical. When the electrodes were tested by continu-
ous amperometric measurements for 3 h measured at
interval of 5 days, and stored at 4 °C when not in use, they
could retain 95% of the original response over 4 weeks,
demonstrating the remarkable stability. The results of 10
successive measurements show a relative standard deviation
of 4.1%. The relative standard deviation of the current
responses over 8 sensors prepared with the same procedure
did not exceed 6.8%.

In summary, a thin-walled graphitic nanocages material was
synthesized and used to fabricate an amperometric glucose
biosensor. The unique physicochemical properties of the gra-
phitic nanocages including well-developed graphitic structure,
high specific surface area, and pronounced mesoporosity make
the biosensor with a high and reproducible sensitivity of 13.3 µA
mM-1 cm-2, broad linear dynamic range of 0.02-6.2 mM, and
accurate measurement of glucose in human serum with effective
discrimination from common interference species. The work
opens a way to utilize graphitic nanocages as a new promising
platformforenzymaticbiosensors inpractical clinicalapplications.
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