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/Abstract: Ordered porous carbon films with tunable pore di-
ameters, immobilized with glucose oxidase (GOD) have been
fabricated and employed for the construction of a biosensor
for glucose molecules. The as-prepared porous films have
large specific surface areas and highly ordered porous struc-
ture with uniform pore sizes, which are critical for the immo-
bilization of large amounts of GOD and support the promo-
tion of heterogeneous electron transfer. The developed bio-
sensors give enough room for the encapsulation of a high
amount of GOD molecules and show excellent biosensing

N

performance with a linear response to glucose concentration\
ranging from 0.5 to 9 mm and a detection limit of 1.5 pm. It
is also demonstrated that the sensitivity of the biosensor
can be easily tuned by modulating the pore size of carbon
film as it dictates the amount of immobilization of GOD in
the porous channels. The fabricated carbon-film-based bio-
sensor has a good stability and a high reproducibility, which
opens the gateway for the commercialization of this excel-
lent technology.

/

Introduction

The electrochemical biosensors have generated a huge
amount of research due to their inherent advantages, such as
low cost, portability, high sensitivity, and good selectivity,
which could make them available for various promising appli-
cations including medical diagnostics, environmental monitor-
ing, pharmaceuticals, and food safety."? In many cases, the
electron transport between the prosthetic groups of redox
proteins and the electrode surface is of paramount importance
for the successful preparation of highly efficient electrochemi-
cal biosensors, because it decides the efficiency of the biosens-
ing devices. However, due to the deep-seated redox center in
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a cavity and instability of the biological matrix upon interac-
tion with the electrode surface, the direct electron transfer for
redox proteins is hard to achieve at conventional bare or
naked electrodes.” Therefore, it is important to develop an
electron mediator that enables not only the enzyme to immo-
bilize onto the electrode surfaces, but also to form the efficient
transport system between the enzyme and the electrode while
retaining the enzymatic stability and bioactivity.”! Furthermore,
if the specific surface area or the pore diameter of support ma-
terials and the adsorption of enzymes over the support could
be regulated, these factors might be used to improve the effi-
ciency of the biosensors.

To realize these opportunities, nanomaterials, which possess
the large surface to volume ratios, a high surface reactivity,
a high catalytic efficiency, and a strong adsorption ability, have
been widely used for the development of new devices for bio-
logical and electronic applications in recent decades.”*>® For
example, carbon-based nanostructures including glassy
carbon, carbon paste, carbon nanotubes, carbon fibers and
functionalized carbons have been extensively utilized as sup-
ports for the biosensing applications owing to their high
chemical stability, surface area, high mechanical strength, and
excellent electrochemical properties.”~ However, these materi-
als suffer from poor textural parameters including a broad
pore-size distribution and disordered porous structure with
a lot of hidden pores. In addition, in the case of carbon nano-
tubes, the length of the tube is too long, which makes
a hurdle for the diffusion of large biomolecules to enter inside
the nanochannels and access the interior part of the pores.
These problems can be overcome by designing ordered
porous materials with uniform pore-size distribution and excel-
lent textural features, good electrical conductivity, and stability.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In particular, ordered porous structures may help to avoid the
diffusional limitation for the substrate to access the redox cen-
ters of immobilized proteins, thus promoting the electron
transfer between the redox protein and the electrode surfaces
and enhancing the performance of biocatalytic process.”®
Therefore, it is assumed that ordered porous material with
well-defined porous structure could be a potential candidate
as an appropriate host for the immobilization of biomolecules.
To date, different kinds of porous materials, such as silica,
metal oxides, and carbon, have been explored for immobiliza-
tion of biomolecules.”’ As was expected, these materials exhib-
it good performance. However, these materials are in powder
form and need to be cast on the substrate, which creates trou-
ble in making a film for the fabrication of the sensing device.

In addition, modulating the device structure with a perfect
control of interfaces, in which the electronic exchange occurs,
or controlling the experimental process by using these powder
materials to tune the biosensing performance to meet the
practical requirement, is very difficult and is still a great chal-
lenge. These problems can be overcome by the direct growth
of electrical mediator on the electrodes, such as silicon wafer
or indium tin oxide (ITO) substrate, because it offers a good
compatibility of the sensing element with the substrate and
further gives the opportunity to fabricate completely integrat-
ed bioelectronic systems. Herein, we present a glucose biosen-
sor based on porous carbon film with tunable pore diameters
and well-ordered pores as an electrical mediator due to its
good electrical conductivity, acceptable biocompatibility, and
excellent chemical, thermal, and mechanical stability compared
with those of silica and metal oxide."” In addition, the pres-
ence of surface functional groups on the surface of the porous
carbon films can help to avoid the enzyme leaching due to the
strong hydrophobic interaction and the hydrogen bonding be-
tween the glucose oxidase (GOD) and functionalized carbon
surface. The prepared biosensor showed a high and reproduci-
ble sensitivity over a wide linear range and fast response, sug-
gesting potentials for a wide range of practical applications.
Importantly, the sensitivity of the biosensors can be either
tuned easily by modulating the pore size of the carbon materi-
al or the amount of the GOD immobilization in the pore chan-
nels of the porous carbon films. Therefore, we believe that or-
dered porous carbon film with a well-controlled pore size can
be a promising candidate for the construction of enzyme-
based electrochemical biosensors with a high sensitivity and
could make a potentially significant impact on the design and
selection of electrode films for sensing various other mole-
cules.

Results and Discussion

Figure 1 displays the representative scanning electron micros-
copy (SEM) images of the synthesized ordered porous carbon
film using monolayer colloidal crystal as a template, which
highlights the successful polymerization of carbon sources
around the polystyrene sphere (PS). The porous carbon film ex-
hibits honeycomb-like morphology, consisting of spherical
pores, which are originated from the PS and uniformly ar-
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Figure 1. FESEM view of ordered porous carbon film. a) Low magnification;
and b) high magnification.

ranged in a regular intervals. Each porous sphere is connected
by thick carbon walls in an orderly fashion, which is attributed
to the well-organized self-assembly process of PS spheres and
the interaction with the carbon precursors. As can be seen in
Figure 1b, the diameter of the spherical pores (470 nm) is simi-
lar with that of PS beads (476 nm) used in the synthesis, indi-
cating that almost no detectable structural shrinkage occurred
after calcination. X-ray diffraction (XRD) result (Figure S1 in the
Supporting Information) reveals that the sample has a broad
reflection at the 26 value of 25.2°, which is indexed to the
(002) peak and related to the turbostratic carbon structure
with randomly oriented graphene layers."" It should be noted
that ordered porous carbon film with tunable pore size can be
prepared by using colloidal PSs with different diameters as
templates.'”? Because the uniform porous structure could pro-
vide a significant increase of effective area for protein loading
and mass transfer channel, modulating the pore size is impor-
tant to control the amount of biomolecules in the porous
channels and the mass transfer resistance of the biocatalytic
process in glucose sensing devices for monitoring diabetes,
which has been an attractive topic in bioanalysis and clinical
applications. Due to the advantages of low detection limit and
high sensitivity, electrochemical techniques based on the GOD
is a popular method and have been widely studied."? We real-
ize that porous carbon film with larger specific surface area
and uniform pore distribution could be an attractive matrix to
immobilize proteins. The GOD was loaded onto the carbon
film surface and their corresponding electrochemistry proper-
ties were investigated. As shown in Figure S2 in the Support-
ing Information, the well-controlled hexagonal structure of the
film demonstrated almost no change after the immobilization
of GOD with the concentration of 10 mgmL™". The effective-
ness of enzyme immobilization was examined by Fourier trans-
form infrared (FTIR) spectroscopy (Figure2). The porous
carbon film (Figure 2a) exhibits two bands centered around
1290 and 1582 cm™’', which can be assigned to C-O-C vibra-
tions of ether groups on the surface of carbon and aromatic
ring stretching coupled to highly conjugated keto groups, re-
spectively."¥ These functional groups on the surface of the
porous carbon films enhances the bonding between the GOD
and the carbon, and helps to avoid leaching. Pure GOD was
also analyzed by FTIR spectroscopy and the result is shown in
Figure 2b. It was observed that the pure GOD possesses two
bands located at 1651 cm™' (amide bandl) and 1537 cm™
(amide band II), which is due to the C=0 stretching mode, and
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Figure 2. FTIR spectra of a) porous carbon; b) pure GOD; and c) porous
carbon loaded with GOD.

the bending and the stretching mode of N—H and C—N vibra-
tions, respectively.?>°? The absorption around 1100 cm™" was
also observed for GOD, which might be attributed to the
stretching vibration of C—O. The spectrum of GOD immobilized
on the carbon film was also measured (Figure 2c). Two main
amide bands can be clearly seen after subtraction of the spec-
tra for unloaded carbon material. The ratio of intensities of the
amide | and Il bands before and after the immobilization of
GOD indicate that the structural confirmation of GOD is re-
tained after adsorption on carbon material. It can be assumed
that the GOD molecules are perfectly immobilized in the mac-
rochannels of the porous carbon film without denaturation.
This is also supported by the fact that the peaks are shifted to
lower wavenumber, which is due to the strong interaction of
the amide linkages of the GOD with the keto groups on the
surface of the porous carbon films.

Figure 3 presents the cyclic voltammograms (CV) of different
electrodes measured in 0.1 M pH 7.0 phosphate buffered saline
(PBS) solution with a scan rate of 30 mVs™'. For porous
carbon/Nafion modified ITO (Figure 3a), no peak could be ob-
served, indicating both the carbon material and Nafion mem-
brane are not electrochemically active. Meanwhile, GOD does
not also exhibit any response when the enzyme alone is modi-
fied onto the ITO electrode surface, which can be ascribed to
the slow electron transfer or the denaturation of GOD and inef-
fectiveness of Nafion in trapping GOD. In addition, a huge re-
sistance was observed, which is clearly reflected in the distort-
ed CV curve. However, after immobilizing GOD on the carbon
material, a redox peak at —80 mV was seen, which could be at-
tributed to the direct electrochemical behavior of GOD. This is
clear evidence that porous carbon material plays an important
role in improving the GOD adsorption and facilitating the elec-
tron transfer between the GOD and ITO substrate: firstly,
porous carbon material has a high specific surface area and
a large number of active adsorption sites on the surface, which
permits a large amount of GOD molecules to immobilize on
the carbon surface and makes it possible to give a high signal
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Figure 3. Cyclic voltammograms of different materials modified electrodes in
0.1 ™ PBS solutions at 50 mVs™'": a) porous carbon/Nafion; b) GOD/Nafion;
and c) porous carbon/GOD/Nafion.

current; secondly, the ordered porous structure provides the
favorable host matrix that isolates the GOD molecules, protect-
ing them from self-aggregation and leaching, which is an im-
portant factor that not only facilitates the mass transport but
also retains the native structure of guests; finally, the inherent
good conductivity and biocompatible behavior of carbon ma-
terial further favor electron transfer between the protein mole-
cules and the electrodes.

The direct electrochemistry response of GOD, which was im-
mobilized in the porous channels of carbon film was investi-
gated at different scan rates with a potential range from —0.3
to 0.4 V. As shown in Figure 4, along with the increase of scan
rates (10-100 mVs™'), a series of perfect CV profiles were ob-
tained. The peak current moves in a positive direction when
the scan rate is increased, while the peak potentials are almost
unchanged. The redox peak currents were proportional to the
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Figure 4. Cyclic voltammograms of porous carbon/GOD/Nafion modified ITO
electrode in 0.1 m PBS solutions at different scan rates (10-100 mVs™').

Insert: plot of peak current versus scan rate.
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Figure 5. a) Cyclic voltammograms of porous carbon/GOD/Nafion modified
ITO electrode in 0.1 m PBS solutions upon the addition of 5 mm glucose at
30 mVs™. b) Typical steady-state response of the biosensor on successive in-
jection of 0.05 mm glucose solution into 0.1 m PBS while stirring, with an ap-
plied potential of —80 mV. Insert: the calibration curve of the sensor.

scan rates, indicating that the GOD redox reaction is a typically
surface-controlled electrochemical process (Figure 4 insert).

The electrocatalytic activity of the GOD porous carbon films
towards glucose oxidation was studied by increasing the con-
centration of the glucose in the solution and the data are
shown in Figure 5a. Upon the addition of 5 mm glucose to
0.1™m PBS solution, the shape of the cyclic voltammogram for
the direct electron transfer of GOD at GOD/porous carbon
modified electrode changed dramatically. The reduction peak
current increases with the positive shift of anodic peak, dis-
playing a pronounced electrocatalytic between the oxidized
form of GOD and glucose. It is known that p(+)-glucose is the
substrate of GOD, the presence of which will result in an
enzyme-catalyzed reaction and diminish the concentration of
the oxidized form of GOD on the electrode surface, as shown
in Equation (1):

Glucose + GOD (FAD) — gluconolactone + GOD (FADH2) (1)

Chem. Eur. J. 2014, 20, 1-8 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

GOD (FAD) is consumed while being reduced by glucose, re-
sulting in the increasing anodic current.™ Thus, it can be con-
cluded that the GOD immobilized into porous carbon retains
the biocatalytic activity to a certain degree and led to the in-
crease of reduction current. Based on the increases of the elec-
trocatalytic response, one can easily conclude that this system
can be used as a glucose biosensor.

To study the bioactivity of the adsorbed protein, the con-
structed electrode was used as a biosensor. The typical steady-
state amperometric response of the biosensor to successive
additions of glucose for an air-saturated and stirred 0.1m
pH 7.0 PBS solution at the detecting potentials of —80 mV was
measured. As displayed in Figure 5b, when 0.05 mm glucose
was added into the 50 mL buffer solution, the current signal
increased rapidly and sensitively. A clear response that is based
on the oxygen reduction upon increasing the concentration of
the glucose was visible. It is clear that the current is constant
for a given concentration, and the response is very fast in
reaching a dynamic equilibrium, generating a 95% of steady-
state current signal within 5s. This fast response can be ex-
plained by the effective transfer of the substrate and products
through porous carbon matrixes containing enzymes.

In addition, the changes in current are also reversible for in-
creasing and/or decreasing glucose concentration. Under the
optimized experimental conditions, the calibration curve of the
electrode presents a linear increased amperometric response
to glucose ranging from 0.05 to 9 mm with a relative coeffi-
cient of 0.999 (Figure 5b insert), indicating a well-defined, typi-
cal behavior of an enzymatic kinetic reaction. The sensitivity of
the GOD/porous carbon modified electrode was calculated to
be 7.69 yAmm~'cm 2. The detection limit is estimated to be
1.5 um at a signal-to-noise ratio of 3. Table S1 in the Support-
ing Information compares the electrochemical and biosensing
performance among different GOD/carbon or graphene-based
electrodes. It can be seen that our material exhibited a lower
detection limit and an acceptable sensitivity. Furthermore, the
linear range is much wider compared with other reported gra-
phene or carbon-based electrodes, and covers the entire phys-
iological concentration range (0.003-0.008 M) of glucose. Such
an extended linear range arises from the increased immobiliza-
tion of GOD due to the large surface area and porous volume
of the carbon film. These results clearly reveal that the de-
signed bioenzyme-channeling sensor is suitable for sensing of
glucose in practical samples of diabetic patients.

It is known that the biosensing performance of GOD/porous
carbon modified electrode is closely related with the amount
of enzyme loader over the electrode support. If the quantity of
immobilized GOD on the carbon surface could be changed,
the corresponding amperometric response might be varied at
the same time. Sequentially, the controllability of sensitivity for
glucose biosensor would be realized, which could meet the ap-
plication requirement of electrochemical biosensor in different
fields. Thus, the influence of GOD concentration on the am-
perometric response has been examined carefully. As displayed
in Figure 6a, with increasing of GOD concentration, the elec-
trochemical response between GOD and electrode increases
significantly and the redox peaks become clearly visible. It
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Figure 6. a) Cyclic voltammograms and b) biosensor response upon injection
of 0.05 mm glucose solution of porous carbon/GOD/Nafion modified ITO
electrodes with different GOD concentration in 0.1 m PBS solutions at

30mVs:a) 1 mgmL™; b) 5mgmL™"; and ¢) 10 mgmL™".

should be mentioned that the response reaches the
maximum value at GOD concentration of
10 mgmL~". For all of GOD/porous carbon modified
electrodes, the peak currents increase with the in-
creasing concentration of glucose up to 9 mwm (Fig-
ure 6b). Furthermore, by increasing immobilized
GOD, the sensitivity of our electrode can be en-
hanced, evidently showing good controllability in
sensing performance.

It is also evident that the immobilization of GOD is
also strongly bonded with the employed electron
mediator. In other words, the change of the structure
for electron mediator can induce the variation of im-
mobilization GOD, thus generating different electro-
chemical performance from the biosensors. For the
porous carbon film displayed in this study, the syn-
thesis method is very simple and universal. The pore
size can be easily modulated by changing the diame-
ter of PSs template, as presented in other litera-
tures."™ The corresponding results for GOD/porous
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carbon film with different pore size were shown in Figure 7.
Evidently, the plots of the peak current versus concentration
for all the samples also present the linear relationship over
concentration from 0.05 to 9 mm. The response of the biosen-
sor increases with the reduction of the pore size when the
GOD concentration was fixed at 10 mgmL™", which is mainly
due to the difference in the specific surface area that decreases
significantly with increasing the pore diameter of the sup-
port."? The smaller pore size corresponds to the larger surface
area, which significantly increases the amount of GOD adsorp-
tion on the porous channels. In addition, the surface curvature
of the small pores and the density of the adsorption of the
GOD molecules can also help to enhance the intermolecular in-
teraction, which also favor the easy electron transport between
the adsorbed molecules. Further, these results were confirmed
by the UV/Vis adsorption of the GOD adsorbed films with dif-
ferent pore diameters (Figure S3 in the Supporting Informa-
tion). It is clear that the adsorption quantity of GOD on the
carbon film increases with decreasing the pore size. This result
implies that by tuning the pore size of porous carbon film, the
sensing properties of biosensor can also simply be controlled.
It should also be noted that the sub-10 nm mesopores that are
in the carbon walls of the samples can also enhance the elec-
tron transport.*® Although these pores are present in all the
films irrespective of the size of the macropores, the density of
these pores are larger for films with 200 nm pore size, which is
also the reason for the enhancement of the sensitivity.

The stability and reproducibility of the sensor were also eval-
uated. When the biosensor was stored in 0.1m pH 7.0 PBS at
4°C in dry state and measured at intervals over several days,
the response was still retained 94% value of the initial re-
sponse after two weeks. This implies that the GOD/porous
carbon modified ITO is very efficient for retaining the bioactiv-
ity of enzyme and can prevent the leakage from the mem-
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Figure 7. Typical steady-state response and calibration curve of the biosensors with dif-
ferent pore sizes on successive injection of 0.05 mm glucose solution into 0.1 m PBS:
a),b) 200 nm; c),d) 1000 nm.
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brane. In addition, the current responses of five independent
sensors were also examined in PBS solution containing a glu-
cose concentration of 5 mm, showing an acceptable reproduci-
bility.

Conclusion

Ordered porous carbon films with well-defined geometry were
fabricated and used effectively for protein immobilization and
biosensing applications. The experimental results demonstrat-
ed that the new ordered porous carbon film is an attractive
matrix to immobilize proteins without serious mass-transfer
limitations and exhibits favorable conductivity for electron
transfer and good biocompatibility. The good electron transfer
can be ascribed to the unique structure with high surface area
and uniform pore distribution. A glucose sensor has been de-
veloped based on the increase of the electrocatalytic response.
The biosensor displayed excellent analytical performance over
a wide linear range from 0.5 to 9 mm along with high sensitivi-
ty of 769 yPAmM~'cm™ and a low detection limit of 1.5 um.
Importantly, the sensing properties can be controlled easily by
changing the GOD concentration or modulating the pore size
of carbon film. The sensitivity of glucose biosensor decreases
with the reducing of GOD concentration, while increases with
the reduction of the pore size. In addition, the sensor also
presents good stability and reproducibility. All these results
suggest that this new support could be an excellent platform
for the design of various biosensor, biocatalytic, and biofuel
cell devices.

Experimental Section
Materials

Glucose oxidase (GOD; type X-S, lyophilized powder,
147000 units G™' solid, from Aspergillus niger) was purchased from
Sigma-Aldrich and used as received. 3-p-(+)-Glucose was obtained
from Nacalai tesque (Japan). Nafion solution (5 wt% in lower ali-
phatic alcohols) was purchased from Aldrich and was diluted to
0.5% with ethanol before use. Phosphate buffer solutions (PBS;
0.1 M, pH 7.0) were prepared by mixing stock standard solutions of
K,HPO, and KH,PO,. All other chemicals were of analytical grade
and were used without further purification. All solutions were pre-
pared with doubly distilled water.

Apparatus

The morphology of the films was observed on a Hitachi S-4800
filed emission scanning electron microscope (FESEM). The X-ray dif-
fraction (XRD) pattern was collected on a Rigaku diffractometer by
using Cuy, ( 4=0.154 nm) radiation. FTIR spectra were recorded on
a Nicolet Nexus 670 instrument. All electrochemical measurements
were performed on a CHI 660B electrochemical workstation (CH In-
struments, USA) by using a conventional three-electrode system,
with the GOD/carbon modified ITO substrate as the working elec-
trode, a platinum wire as the counterelectrode, and a saturated
calomel electrode as the reference in a thermostated, stirred elec-
trochemical glass cell containing 50 mL 0.1 m PBS (pH 7.0).
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Preparation of ordered porous carbon film

To obtain the porous structure, monolayer colloidal crystal tem-
plate comprising of polystyrene sphere with different diameter
(200, 500, 1000 nm) was used as the template as reported previ-
ously in the literature.'”” Ordered porous carbon film was fabricat-
ed as follows: the 40 mL solution with 1g of glucose and 0.1g
H,SO, was taken as carbon precursor solution. First, monolayer col-
loidal crystal template was immersed and floated on the surface of
the precursor solution. After about 10 min, the template was
picked up by using a ITO substrate. Then, the templates with pre-
cursor solution were polymerized at 100°C about 6 h and 160°C
about 6 h, respectively. Subsequently, the resulting solids were cal-
cined at 500°C for 3 h with the heating rate of 4°Cmin~" in nitro-
gen atmosphere.

GOD adsorption and preparation of GOD/carbon electrode

A series of GOD solutions (1, 5, and 10 mgmL™") were prepared by
dissolving different amounts of GOD in 0.1 m pH 7.0 PBS solutions.
The GOD concentrations were determined by UV absorption. UV/
Vis spectra were collected on a PerkinElmer-LAMBDA 750 UV/Vis
spectrophotometer. The GOD loading was calculated by subtract-
ing the amount remaining in the supernatant liquid after adsorp-
tion from the initial amount of GOD. Protein immobilization was
achieved by immersing porous carbon films on ITO substrates with
0.5 cmx 1 cm size prepared above in GOD solutions with different
concentrations. After storing at 4°C for 6 h for protein desorption,
the porous carbon film on ITO substrate was picked up and dried
at RT. Then, Nafion (5 pL, 0.5%) was placed on the surface of the
working electrode and allowed to dry under ambient conditions
for 2 h. The formed Nafion membrane was used to fix the GOD-im-
pregnated carbon on the electrode surface.
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Glucose sensor based on ordered
porous carbon film exhibits excellent
analytical performance over a wide
linear range along with high sensitivity
and fast response. By tuning the pore
size or the biomolecule concentration, it
is possible to tailor the sensing proper-
ties, suggesting that this new support
could be an excellent platform for the
design of various biosensors and biofuel
cell devices (see scheme).
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