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ABSTRACT

A mesoporous silica nanoshpere (MSN) was proposed to modify glassy carbon electrode (GCE) for the
immobilization of protein. Using glucose oxidase (GOD) as a model, direct electrochemistry of protein
and biosensing at the MSN modified GCE was studied for the first time. The MNS had large surface area
and offered a favorable microenvironment for facilitating the direct electron transfer between enzyme
and electrode surface. Scanning electron microscopy, transmission electron microscopy, UV-vis
spectroscopy and cyclic voltammetry were used to examine the interaction between GOD and the
MSN matrix. The results demonstrated that the immobilized enzyme on the MSN retained its native
structure and bioactivity. In addition, the electrochemical reaction showed a surface controlled,
reversible two-proton and two-electron transfer process with the apparent electron transfer rate
constant of 3.96 s~ 1. The MNS-based glucose biosensor exhibited the two linear ranges of 0.04-2.0 mM
and 2.0-4.8 mM, a high sensitivity of 145 mAM~!cm~2 and a low detection limit of 0.02 mM at
signal-to-noise of 3. The proposed biosensor showed excellent selectivity, good reproducibility,
acceptable stability and could be successfully applied in the reagentless detection of glucose in real
samples at —0.45V. The work displayed that mesoporous silica nanosphere provided a promising

approach for immobilizing proteins and fabrication of excellent biosensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of MCM-41-type ordered mesoporous
silica by Mobil corporation scientists in 1992, a large amount of
research has been conducted on its controlled syntheses and
applications [1]. Due to good biocompatibility [2,3], stable meso-
porous structures, large surface areas, and tunable pore sizes and
volumes, MCM-type mesoporous silica materials have made them
ideal candidate for hosting molecules of various sizes, shapes and
functionalities [4]. In particular, mesoporous silica nanoparticles
have attracted great attention in many research fields over the
past few years [5]. Great endeavors have been made for the use of
mesoporous silica nanoparticles in controlled drug/gene release
and as delivery carriers [6-11], biosensors [12,13], biomarkers
[14,15] and enzyme supporters [3,16,17]. As a protein immobiliz-
ing matrix, mesoporous materials can incorporate proteins
through physical or chemical action with good adsorption due
to its large specific surface area [16]. The incorporation of
mesoporous materials into redox enzymes could provide an
active biomaterial [18]. Lin’s group for the first time synthesized
a novel mesoporous silica nanosphere (MSN), which was further
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used to construct a controlled-release delivery system for phar-
maceutical drug molecules and neurotransmitters [4]. To the best
of our knowledge, MSN has been not used for immobilization of
proteins for applications in electrochemical biosensing.

The detection of blood glucose levels is of great importance for
the diagnosis and therapy of diabetics. Glucose oxidase (GOD) as
an ideal mode enzyme has been extensively used in fabrication of
electrochemical glucose biosensors due to its catalytic ability to
oxidize glucose [19-22]. However, an ultimate goal of glucose
sensing is to develop the third generation biosensor based on the
direct electron transfer (DET) between the cofactor FAD of GOD
and the electrode surface without the mediator [23]. Unfortu-
nately, the redox center in biomolecules is usually seated deeply
in cavity of the enzyme molecules, which makes it hard to realize
DET of enzyme to the electrode [24]. Thus, many novel nanoma-
terials, such as gold nanoparticles [25,26] carbon nanotubes
[27-30], graphene [31,32], titanium oxide [33] and tin disulfide
[34] have been explored to immobilize GOD for accelerating DET
of redox enzyme on the surface of electrode.

In this work, MSN was synthesized according to previous
method with some modifications. By immobilizing GOD on MNS
modified electrode, a novel electrochemical biosensor was con-
structed. The MNS materials have an average particle size of
115 nm and an average pore diameter of 2.3 nm. The large surface
area, uniform porous structure and favorable microenvironment
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Fig. 1. (a) TEM image of MSN, (b) SEM images of MSN and (c) GOD-MSN.

facilitate the direct electron transfer between enzyme and
electrode. A pair of obvious and well-defined redox peaks of
GOD could be observed at the GOD-MSN/Nafion modified elec-
trode. The resulting glucose biosensor showed high sensitivity,
low detection limit, excellent selectivity and good reproducibility.
Thus the mesoporous silica nanosphere provided a promising
platform for immobilizing proteins for electrochemical
biosensing.

2. Experimental
2.1. Reagents and materials

GOD (EC 1.1.3.4, 108 Umg~!, from Aspergillus niger) was
purchased from Amresco. p-(+)-Glucose and Nafion were pur-
chased from Sigma-Aldrich. n-Cetyl-trimethylammonium bro-
mide (CTAB) and tetramethoxysilane (TMOS) were supplied by
Sinopharm Chemical Reagent Co., Ltd. A stock solution of
p-glucose was prepared and allowed to mutarotate at room
temperature for 24 h before use. Phosphate buffer solution (PBS)
was 0.1 M Na,HPO4 and NaH,PO,4 and its pH was adjusted with
H3PO4 or NaOH solutions. All other chemicals and reagents are of
analytical grade and were prepared using distilled water.

2.2. Apparatus

Electrochemical measurements were carried out on a CHI 852C
electrochemical workstation (Co., CHI, USA). All experiments were
performed with a three-electrode system using a glassy carbon
electrode (GCE, =3 mm) as the working electrode, a platinum
wire as the auxiliary electrode and a saturated calomel electrode
(SCE) as reference electrode. The cyclic voltammetry experiments
were carried out at a scan rate of 100 mV s~! in an electroche-
mical cell filled with 5.0 mL PBS. All pH measurements were made
with S-25 digital pH-meter with glass combination electrode.

Transmission electron microscopy (TEM) images were
obtained with a Philips Tecnai-12 transmission electron micro-
scope (Holland) at an acceleration voltage of 100 kV. Scanning
electron microscopy (SEM) images were obtained with a Hitachi
S-4800 scanning electron microscope (Japan) at an acceleration
voltage of 15 kV. UV-vis spectra were recorded using UV-2550
spectrophotometer (Shimadzu Co., Japan).

2.3. Synthesis of MCM-41-type mesoporous silica nanosphere

MCM-41-type mesoporous silica nanosphere was synthesized
according to previous method with some modifications [4]. 0.2 g
of CTAB was firstly dissolved in 96 mL of distilled water. 0.7 mL of
NaOH (aqueous, 2.0 M) was added to CTAB solution, and then the
solution temperature was adjusted to 80 °C. 1.0 mL of TMOS was

added dropwise to the solution, and the mixture was allowed to
stir for 2 h at 80 °C. Subsequently, the resulting white precipitate
was isolated by filtration. After the silica particles were calcined
at 550 °C for 5 h to remove the template, the mesoporous silica
nanosphere was finally obtained.

2.4. Preparation of the GOD-MSN/Nafion/GCE

The GCE was firstly polished successively with 0.03 and
0.05 pm alumina slurry (Buhler) followed by rinsing thoroughly
with distilled water, and finally sonicated in 1:1 nitric acid,
acetone and distilled water and dried in air. 3.0 mg of MSN was
dispersed in 1.0 mL of distilled water under ultrasonic stirring,
and then 0.5 mL of the MSN suspension was mixed with equiva-
lent volume of 8.0 mgmL~' of GOD to form GOD-MSN mixed
solution. Subsequently, 6.0 pL of the mixed solution was dropped
on the surface of the pretreated GCE and dried in a desiccator.
Finally, 5.0 pL of 0.5% Nafion solution was dropped on the surface
of GOD-MSN/GCE to form GOD-MSN/Nafion modified electrode.
The modified electrode was rinsed throughout with distilled
water to wash away the loosely adsorbed enzyme molecules.
The modified electrode was then stored in pH 7.0 PBS at 4 °C in a
refrigerator before use.

3. Results and discussion
3.1. Characterizations of MSN, GOD and GOD-MSN

The TEM and SEM images of the synthesized mesoporous silica
nanosphere shown in Fig. 1(a and b), indicate that MSN materials
are composed of well-dispersed spherical nanoparticles with
average diameter of 115 nm. The pore characterization of MSN
was investigated by the N, isothermal adsorption experiments.
The specific surface area, pore volume and average pore diameter
were calculated to be 6453 m?g !, 0.43cm3g ! and 2.7 nm
using the BET and BJH method, respectively. As can be seen from
the TEM image, ordered mesopores and parallel channels appear.
The uniform porous structure is advantageous to obtain a high
enzyme loading. When GOD was immobilized in the MSN matrix,
SEM image of the formed GOD-MSN (Fig. 1c) displayed uniform
and homogeneous morphology.

The UV-vis absorption spectra of the MSN, native GOD and
GOD-MSN were shown in Fig. 2. For the single MNS, no obvious
peak was observed in the wavelength range of 200-700 nm, while
the spectrum of GOD showed three characteristic absorption
peaks. The absorption peak at 276 nm was ascribed to the
characteristic of polypeptide chains, and the two weak peaks at
381 and 458 nm were attributed to the oxidized form of flavin
group in protein structure [35]. The position and shape of
absorption peaks of the GOD-MSN are almost the same as those
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Fig. 2. UV-vis spectra of MSN, GOD and GOD-MSN.

of the native GOD, indicating that the GOD immobilized in
mesoporous silica nanosphere matrix indeed maintains its native
structure.

3.2. The choice of experimental conditions for the glucose biosensor

Fig. S1 shows the cyclic voltammograms of the GOD-MSN/
Nafion/GCE in N,-saturated different concentrations of PBS solu-
tion. With the increasing of the concentration of PBS solution
from 0.02 to 0.2 M, the reduction current increased to the
maximum at 0.1 M and then decreased. The higher concentration
of PBS solution produces high ion strength, which might result in
the protein denaturation. Thus 0.1 M PBS was selected as the
supporting electrolyte for glucose detection. The amount of GOD
is another important factor affecting the analytical performance
of the glucose biosensor. Fig. S2 illustrates the effect of different
concentrations of GOD on the sensor response. With increase in
GOD concentration the reduction current enhanced and reached
the maximum at 8.0 mg mL~! concentration. After the maximum
concentration point the reduction current began to decrease. The
higher loading of GOD might affect the mesoporous structure of
MSN, thus hindering the direct electron transfer between the
redox center of proteins and electrode surface.

3.3. Direct electrochemistry of GOD-MSN/Nafion modified GCE

The cyclic voltammograms of different modified GCEs in
N,-saturated PBS were shown in Fig. 3. No peaks were observed
for the Nafion/GCE (curve a) and MSN/Nafion/GCE (curve b), while
GOD/Nafion modified GCE (curve c) showed a pair of well-defined
redox peaks. Compared with the GOD/Nafion/GCE, GOD immobi-
lized on MSN matrix shows a pair of more distinct and well-
defined redox peaks at —0.403V and -0.438V (curve d).
Obviously, the MNS matrix can provide a favorable microenvir-
onment to ensure more effective electrical contact between
redox-active centers of enzyme and electrode surface, leading to
the enhanced direct electrochemistry of GOD. The separation of
peak potentials is 35 mV, which was smaller than 80 mV for GOD/
graphene-chitosan/GCE [32] and 94 mV for GOD/Au/carbon paste
electrode [36], indicating a faster electron transfer rate.

The effect of the scan rate on the cyclic voltammetric response
at the GOD-MSN/Nafion modified GCE was shown in Fig. 4. The
oxidation peak current (I,;) and reduction peak current (I,¢) of the
GOD-MSN/Nafion/GCE increased linearly with the increasing scan
rate from 30 to 300 mV s~ (inset I of Fig. 4), and the I/l ratio
was approximately equal to 1, indicating that the redox reaction
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Fig. 3. (a) Cyclic voltammograms for Nafion/GCE, (b) MSN/Nafion/GCE, (c) GOD/
Nafion/GCE, and (d) GOD-MSN/Nafion/GCE in N,-saturated 0.1 M pH 6.5 PBS at a
scan rate of 100 mVs~".
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Fig. 4. Cyclic voltammograms of the GOD-MSN/Nafion/GCE in N,-saturated 0.1 M
pH 6.5 PBS at 30, 50, 80, 100, 150, 200, 250 and 300 mV s~ ! (a-h). Inset I: plots of
anodic and cathodic peak currents vs. scan rates; inset II: plot of logarithm of i
vs. logarithm of v~ 1.

of GOD in MSN matrix is a surface-controlled process. The
logarithm plot of cathodic peak current versus logarithm of the
san rate shows a linear relationship (inset II of Fig. 4), which is
very close to the theoretical slope for thin layer electrochemical
behavior [37]. The surface coverage (I'*) of the electroactive GOD
on surface of the modified electrode can be estimated according
to the formula of I"™*=Q/nFA. The surface coverage was calculated
to be 2.07x10"'"molcm~2, which was larger than those
of 1.60x 10~ molcm~2 at GOD/SnS,/Nafion/GCE [34], 9.8 x
1072 mol cm~2 at GOD/Au nanoparticles/carbon paste electrode
[36], 7.82 x 1072 mol cm~2 at GOD/Au-dihexadecyl phosphate
modified electrode [38] and 2.86 x 10~ > mol cm~2 at bare GCE
[39]. According to Laviron’s equation, the charge-transfer coeffi-
cient and the apparent electron transfer rate constant (k) for the
proposed electrode were calculated to be 0.5 and 3.96 s~ . The
obtained value of ks was larger than those of 2.42 s~ ! at In,05-
chitosan [40], 1.56s~! at boron-doped carbon nanotubes [41],
1.7 s~! at multi-walled carbon nanotubes [42] and 2.83s~! at
graphene-chitosan modified GCEs [32]. This MSN matrix may
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Fig. 5. Cyclic voltammograms of the GOD-MSN/Nafion/GCE in Nj-saturated PBS
with different pH values of (a-f) 5.0, 6.0, 6.5, 7.0, 8.0 and 9.0 at a scan rate of
100 mV s~ . Inset I: plot of formal potentials vs. pH; inset II: plot of peak currents
vs. pH.

pierce the glycoprotein shell and more effectively shorten the
distance between redox site of enzyme and the electrode surface,
thus leading to the faster electron transfer.

The influence of the pH value on the electrochemical behavior
of GOD on MSN matix was investigated and shown in Fig. 5. Both
the cathodic and anodic peak potentials shifted negatively with
the increase of pH from 4.0 to 8.0. Moreover, the redox potentials
of GOD-MSN/Nafion/GCE changed linearly as a function of solu-
tion pH with a slope of —55.7 mV pH~!, which was close to the
theoretical value of —58.6 mV pH~'. In addition the number of
electron transferred in the electrochemical process was estimated
to be 2 (n~ 1.7, based on the formula of 59/n at 25 °C), thus
indicating two protons and two electrons participating in the
electron transfer process. Moreover, the peak currents reached its
maximum value at pH 6.5 (inset II of Fig. 5), indicating an optimal
pH for immobilized GOD.

3.4. Detection of glucose at the GOD-MSN/Nafion modified GCE

The cyclic voltammograms of the GOD-MSN/Nafion/GCE in
oxygen-free PBS, air-saturated PBS and air-saturated PBS contain-
ing glucose were shown in Fig. 6. In air-saturated PBS, the cyclic
voltammogram of the GOD-MSN/Nafion/GCE showed a great
increase in reduction peak current and a simultaneous decrease
in oxidation current (curve b). These results demonstrated that
GOD (FADH,) exerted an obvious electrocatalytic process toward
the reduction of dissolved oxygen according to the Egs. (1) and (2)
[36].

GOD(FAD)+2e” +2H* <> GOD(FADH,) 1)
GOD(FADH,)+ 0, — GOD(FAD) -+ H, 0, )
Glucose +GOx(FAD) + 0, — Gluconolactone + GOx(FADH,) 3)

In the presence of oxygen, regenerated GOD (FAD) led to the
increase of the reduction peak current of FAD. When the glucose
was added into this system, it restrained the electrocatalytic
reaction due to the enzyme-catalyzed reaction, thus reducing
the concentration of GOD (FAD) as shown in the Eq. (3). So the
reduction peak current of GOD decreased with the increase of
glucose concentration (curves c and d). The glucose biosensor was
therefore proposed based on the decease of the reduction peak
current.

1/ pA
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Fig. 6. Cyclic voltammograms of the GOD-MSN/Nafion/GCE in 0.1 M pH 6.5 N»-
saturated PBS (a), air-saturated PBS (b), air-saturated PBS including 0.5 mM
(c) and 1.0 mM (d) glucose at a scan rate of 100 mV s~ .
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Fig. 7. Typical steady-state response of the GOD-MSN/Nafion/GCE on successive
addition of glucose into air-saturated 0.1 M pH 6.5 PBS at —0.45V applied
potential, insets I and II: calibration curves of the GOD-MSN/Nafion/GCE for
glucose.

Fig. 7 showed the typical amperometric response curves at
GOD-MSN/Nafion modified GCE on successive injection of glu-
cose to the air-saturated stirring PBS. The optimal potential and
pH value for the amperomeric detection of glucose were chosen
as —0.45V and 6.5, respectively. The current response increased
linearly with the increase of glucose concentration ranging from
0.04 to 2.0 mM with a correlation coefficient of 0.9971 and 0.2 to
4.8 mM with a correlation coefficient of 0.9986 (insets I and II of
Fig. 7). The detection limit was 0.02 mM at signal-to-noise of 3.
The sensitivity for the GOD-MSN/Nafion/GCE was calculated to be
145 mAM~ ! cm~2. The comparison of these analytical perfor-
mances to those recent literatures of the glucose biosensor was
shown in Table 1. These results demonstrated the highest sensi-
tivity, extended linear range and reasonable detection limit
were obtained with the GOD-MSN/Nafion/GCE. The apparent
Michaelis—-Menten constant (KifP) was calculated to be 4.7 mM
for the glucose biosensor. The K{fP value was smaller than those
of 5.46, 11.6 and 37.6 mM reported by some literatures [49-51],
indicating that the GOD immobilized in the MSN material has
high affinity to glucose.
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Table 1

Comparison of analytical performance between the GOD-MSN/Nafion/GCE and other enzyme electrodes.

Electrode Applied Sensitivity Detection Linear Reference
potential (V) (mAM~'cm~—2) limit (mM) range (mM)
GOD-MSN/Nafion/GCE —-045 145 0.02 0.04-4.8 This work
MSCF?/GOD/Nafion-GCE —-0.40 - 0.035 0.05-5.0 [19]
GOD/SnS,/Nafion/GCE —-0.45 7.6 0.01 0.025-1.1 [34]
GOD/CNx-MWNTs" —-0.50 13.0 0.01 0.02-1.02 [43]
GOD/In,03-chitosan/GCE —-0.50 73 0.0019 0.05-1.3 [40]
GOD/gold nanorod/Pt electrode +0.40 8.4 0.02 0.03-2.2 [44]
Nafion/GOD/Ag-Pdop@CNT/GCE —-0.50 3.1 0.017 0.05-1.1 [45]
TiO,/GOD/Nafion-GCE —-045 428 - 0.15-1.2 [33]
GOD/Pt/FCNAY/GCE —-0.08 6.0 0.3 0.5-8.0 [46]
GOD/polyurethane/GCE 0.6 1.3 0.1 0.1-60 [47]
GOD/Pt-C¢/Nafion/GCE 0.8 125 0.3 0-40 [48]
2 Mesocellular silica-carbon nanocompositefoam.
P Nitrogen-doped carbon nanotubes.
¢ Polydopamine.
d Flower-like carbon nanosheet aggregation.
¢ Carbon vulcan.
3.5. Reproducibility and stability of the GOD-MSN/Nafion/GCE -4.5
The reproducibility of the GOD-MSN/Nafion/GCE was investi- 5.0 Glucose Glucose
gated by successive detection of 0.1 mM glucose for eight times. | AA UA AP
The relative standard deviation (RSD) was 2.9%. The fabrication
reproducibility of the proposed enzyme electrode was also 5.5 4 l l l
assessed by measuring 0.1 mM glucose at eight different modified 1
electrodes, and the obtained RSD was 4.2%. After 30 successive g- 6.0 4
detections the response was still retained 97% value of the initial = ]
response, suggesting the acceptable operational stability of the 6.5 -
GOD-MSN/Nafion/GCE. After a storage period of 20 days in 0.1 M '
pH 7.0 PBS at 4 °C, the fabricated enzyme electrode showed a 6.5% )
loss of bioactivity. These results indicate that the immobilized -7.0 1
GOD retains its high enzymatic activity, which was very impor- 1
tant for the development of the proposed enzyme electrode in 75 | . . . — . . .
low-cost application. 0 100 200 300 400

3.6. Interference study and detection of glucose in practical serum
sample

The interferences in glucose detection were evaluated using
0.2 mM ascorbic acid (AA), 0.2 mM uric acid (UA) and 0.2 mM
acetaminophen (AP) at the applied potential of —0.45V (Fig. 8).
Upon addition of 0.2 mM glucose in pH 6.5 air-saturated PBS, an
obvious current response was observed. After successively inject-
ing the AA, UA and AP into the electrolyte solution, no obvious
change of the current response was observed. The presence of
Nafion in the matrix can prevent both enzyme leakage and
diffusion of the interferences, leading to an improved selectivity
[48]. When adding 0.2 mM glucose in PBS again, the current value
was close to that detected in absence of the interferents. These
results demonstrates that the proposed GOD-MSN/Nafion/GCE
has high selectivity for glucose in the presence of those endogen-
ously coexisted electroactive substances.

To assess the practical application of the GOD-MSN/Nafion/
GCE, the detection of glucose in nine serum samples was carried
out using the proposed method as well as the reference method.
The serum samples were received from a local hospital without
any sample pretreatment except a dilution step. The reference
glucose levels were determined by local hospital using an Auto-
matic Biochemical Analyzer (7170 A, Hitachi). When the level of
glucose in serum sample is over linear range, serum sample are
diluted appropriately with 0.01 M pH 7.4 PBS prior to detection.
The relative errors between the two methods were all less than
4.6% (Table 2), indicating the good accuracy for detection of
glucose in real samples.

t/s
Fig. 8. Amperometric response of the GOD-MSN/Nafion/GCE to 0.2 mM glucose,
0.2 mM AA, 0.2 mM UA and 0.2 mM AP in pH 6.5 PBS at —0.45 applied potential.

Table 2
Detection results of glucose concentrations in clinical serum samples.

Samples Proposed Reference Relative
method (mM) method (mM) errors (%)
1 424 4.40 3.6
2 4.70 4.80 2.1
3 4.96 5.20 4.6
4 5.69 5.90 3.6
5 6.74 6.90 23
6 6.93 7.10 2.4
7 8.00 8.20 2.5
8 10.9 11.0 0.9
9 12.8 13.0 1.5

4. Conclusions

A novel glucose biosensor was proposed based on immobiliz-
ing GOD at mesoporous silica nanosphere modified electrode. The
mesoporous silica nanosphere matrix has large specific surface
area and uniform mesoporous structure, which are advantageous
to obtain a high enzyme loading. Moreover, the mesoporous silica
materials provide a favorable microenvironment for facilitating
the direct electron transfer between the enzyme and the elec-
trode surface. The immobilized enzyme on mesoporous silica
nanosphere exhibits fast electrochemical response to glucose. The
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fabricated enzyme biosensor has wide linear range, low detection
limit, excellent selectivity and good reproducibility and stability.
The mesoporous silica nanosphere matrix opens a new avenue for
immobilizing proteins and fabrication of excellent electrochemi-
cal biosensors.
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