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The use of rod-like and vesicle-like mesoporous SiO, particles for fabricating high performance glucose
biosensors is reported. The distinctively high surface areas of mesoporous structures of SiO, rendered
the adsorption of glucose oxidase (GOx) feasible. Both morphologies of SiO, enhanced the sensitivities
of glucose biosensors, but by a factor of 36 for vesicle-like SiO, and 18 for rod-like SiO;, respectively.
The greater enhancement of vesicle-like SiO, can be accounted for by its higher specific surface area
(509m?g-1) and larger total pore volume (1.49 cm? g~!). Interestingly, the current responses of GOX
immobilized in interior channels of the mesoporous SiO, were enhanced much more than those of simple
mixtures of GOx and the mesoporous SiO,. This suggests that the enhancement of current responses
arise not only from the high surface area of SiO, for high enzyme loading, but also from the improved
enzyme activity upon its adsorption on mesoporous SiO,. Also compared were the performances of
glucose biosensors with GOx immobilized on mesoporous SiO, by physical adsorption and by covalent
binding to 3-aminopropyltrimethoxysilane (APTMS) modified SiO, using glutaraldehyde as the cross-
linker. The covalent binding approach resulted in higher enzyme loading but lower current sensitivity
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than with the physical adsorption.
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1. Introduction

In 1992, the Mobil research group first reported on the synthesis
of mesoporous molecular sieves from the calcinations of alumi-
nosilicate gels [1]. Since then, different types of mesoporous silicas
(MPs) have been developed [2-6]. Because of the high chemical and
thermal stability, low toxicity and high mechanical strength, large
pore diameters (2-40 nm), matching the size of the enzymes, nar-
row pore size distribution, large pore volumes (ca. 1.5cm3 g~!) and
high surface area (up to 1500 m2 g~1). MPs have been found to be
a good biocompatible solid support for immobilizing enzymes [7].
The first immobilization of enzymes onto mesoporous silica MCM-
41 was reported by Diaz and Balkus [8]. After that great attention
has been devoted to the use of these inorganic materials for the
enzyme immobilization [9-13].

Many nanomaterials have been harnessed to fabricate glu-
cose biosensors with high sensitivity and excellent reproducibility,
such as Au nanoparticles [14-17], Ag nanoparticles [18-21], Ni
nanoparticles [22], carbon nanotubes [23-26], SiO, nanoparticles
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[27-31] and mesocellular carbon foam [32]. Among these develop-
ments, the stabilized enzyme activity in MPs renders their potential
applications in various fields such as biosensors [33,34,27,35,36],
fuel cells [37] and enzyme-linked immunosorbent assay (ELISA)
[38]. Recently, our group has successfully synthesized mesoporous
rod-like silica and vesicle-like silica and applied them for immo-
bilization of lipase with retained activity [12]. The rod-like and
vesicle-like SiO, have large pore sizes (~11-12 nm) and abundant
micropores (less than 2 nm) in the silica walls of the mesoporous
rod-like and vesicle-like structure. With the success in the immo-
bilization of lipase on these MPs, it is expected that glucose oxidase
(GOx), which is also a globular enzyme, can be immobilized onto
the MPs as well and further applied to the development of a glucose
biosensor.

Up to now, to the best of our knowledge, there have been no
comparative studies on the adsorption of glucose oxidase (GOx)
onto the mesoporous rod-like and vesicle-like SiO, and also their
applications to the electrochemical biosensors. Capitalizing on our
recent success in the controlled synthesis of mesoporous silica,
we aim to compare the adsorption characteristics of GOx onto the
mesoporous SiO, with different morphologies, namely, the rod-like
silica and the vesicle-like silica. We have also explored the fabrica-
tion of glucose biosensors with different modes of GOx adsorption
on the mesoporous SiO, interior surfaces on the current responses
of the glucose biosensors.
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2. Experimental
2.1. Materials and reagents

Triblock copolymer poly(ethylene oxide)-block-poly(propylene
oxide) -block-poly(ethylene oxide) (Pluronic P123, EO5¢PO79EO>,
My, =5800), tetraethoxysilane (TEOS), 3-aminopropyl-
trimethoxysilane (APTMS), glucose oxidase (GOx, EC 1.1.34.
197Umg~! solid, from Aspergillus niger), B-D-glucose and
polyvinyl butyral (PVB) were purchased from Aldrich. 1,3,5-
Triisopropylbenzene (TIPB) was purchased from Fluka. All other
chemicals used in this work were of analytical reagent grade. All
the chemicals were used without further purification.

2.2. Synthesis of mesoporous rod-like and vesicle-like SiO,

Rod-like and vesicle-like SiO, were synthesized by simply
changing the molar ratio of TIPB with P123 surfactant according
to the method described in literature [5]. First, 1.0g of P123 was
dissolved in a mixture of 8.5 g of H,0 and 30 g of 2 M HCI aqueous
solution and the resulting solution was stirred at room temperature
until the solution became clear. Into the solution specified amounts
of TIPB (with the molar ratio of TIPB:P123 being 2.9:1 and 34.8:1,
respectively) were added drop-wise for the preparation of a set of
samples. The mixture was stirred at room temperature for another
18 h. Secondly, 2.1 g of TEOS was added into this solution under
stirring for 8 min and the mixture was kept under static conditions
at 35°C for 24 h. This mixture solution was then transferred into
a Teflon-lined autoclave and heated to and kept at 130°C for 24 h.
Finally, white precipitates were filtered, washed with water, air-
dried at room temperature, and calcined at 500°C for 6 h in a tube
furnace to remove the organic templates.

2.3. Surface modification of mesoporous vesicle-like SiO, with
amine groups

The amine functionalized mesoporous vesicle-like SiO, was pre-
pared by a post-synthesis method [39,40]. The mesoporous SiO,
was dried at 100°C for 24 h to thoroughly remove water. Amine
groups (-NH, ) were grafted onto the mesoporous SiO, by refluxing
0.1 g of SiO, in 50 ml dry toluene (99.5%) solution containing 0.1 M
APTMS at 120°C for 18h. The suspension was then centrifuged
and washed thoroughly with toluene and water in succession. The
NH;-modified mesoporous vesicle-like SiO, with amine group is
denoted as SiO,-NH,.

2.4. Immobilization of GOx onto mesoporous rod-like and
vesicle-like SiO;

For physisorption of GOx onto mesoporous SiO,, GOX was
first dissolved in potassium acetate-acetic acid (KAc-HAc) buffer
(pH 4.0) to obtain a GOx stock solution with a concentration of
4mgml~!. 1ml of KAc-HAc buffer was added to 4mg of meso-
porous SiO, support in 10 ml capped vials. After the mixture was
sonicated for 20 min, 1 ml of the GOx stock solution was added.
The total volume and concentration of GOX solution were 2 ml
and 2 mg ml~!. The mixture was kept stirring at room temperature
for 48 h. The supernatant was separated from the solid material
by centrifugation (12,000 rpm, 8 min, 4°C). The excess GOx was
removed by washing with KAc-HAc buffer (pH 4.0, 1 ml), and the
solid materials was dried overnight under vacuum at room tem-
perature and then stored at 4°C. The amount of GOx adsorbed
onto the mesoporous SiO, was further quantified by measuring
the absorbance of the supernatant at 280 nm. For physisorption,
the adsorbed GOx amounts were 366 and 430 mgg~! for rod-like
and vesicle-like SiO-, respectively. For covalent linking of GOx onto

the mesoporous SiO,, 500 wl of 1% glutaraldehyde was first mixed
with 4 mg of SiO,-NH, and the mixture was incubated for 1 h. The
activated SiO,-NH, was collected by centrifugation and washed
with water, followed by incubation with 2ml of 2mgml~! GOx
solution for 24 h. The suspension was separated by centrifugation
and the solid material was washed thoroughly and then stored at
4°C. For chemisorption, the adsorbed GOx amount on SiO,-NH,
was 475.7mgg1.

2.5. Characterization

High resolution transmission electron microscopy (HRTEM) was
performed using a JEOL 2010 electron microscope. Samples for
HRTEM measurements were prepared by dipping a carbon-coated
copper grid into a suspension of ground samples in ethanol, which
were pre-sonicated for 20 min. Field emission scanning electron
microscope (FESEM) measurements were carried out with a JEOL
JSM-6700F microscope. Samples were deposited on the surface
of silicon wafer by dropping a suspension of ground samples in
ethanol that was pre-sonicated for 20 min, and sputter coated
for 2 cycles with gold. Nitrogen adsorption-desorption isotherms
were measured at —196°C on a SA3100 surface area and pore
size analyzer. Samples were degassed in a vacuum at 200°C
for 3h prior to each measurement, while the GOx loaded sam-
ples were outgassed at 35°C for 12 h. Brunauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface areas
(Sger) from the adsorption data. Pore size distributions were
derived from the adsorption branches of isotherms by using the
Barrett-Joyner-Halenda (BJH) model. The presence of functional
groups in APTMS modified mesoporous SiO, was identified using
Fourier Transform Infrared Spectroscopy (FT-IR). The FT-IR spectra
were taken on KBr disks with Perkin Elmer Spectrum One USA and
scanned from 400 cm~! to 4000 cm~! at a resolution of 4cm™1.

2.6. Fabrication of enzyme modified electrodes

Mesoporous SiO; imbedded with GOx was fabricated on to elec-
trodes by sol-gel technique according to the literature [19,28]. A
platinum electrode (d=1.5mm) was first polished mechanically
with an Al;O3 slurry (0.03 wm) and then sonicated in deion-
ized water for 20 min until a mirror-like surface was achieved.
The above prepared SiO, immobilized GOx (4 mg SiO, containing
1.464, 1.72 and 1.9028 mg GOx for rod-like SiO-, vesicle-like SiO,
and SiO,-NH, respectively) was re-suspended in 300 .l KAc-HAc
buffer. Twenty microliters of the mixture suspension containing
10 pl of Si0,-GOx in KAc-HAc buffer, 10 .l of 2% PVB ethanol solu-
tion and 0.05% of glutaraldehyde was deposited onto the electrode
surface and allowed to form a thin film after drying at ambient con-
ditions. At last, the GOx modified electrode was dip-coated with one
layer of PVB and then was stored at 4 °C prior to use. For the sake
of comparison, the electrodes modified with free GOx or mixtures
of GOx and mesoporous SiO, were prepared as follows. The same
amount of enzyme was first dissolved into 300 .l KAc-HAc buffer
and then 4 mg mesoporous SiO; was suspended into the solution.
The other steps were the same as mentioned above. The amounts
of used enzyme in modified electrodes were 0.0488, 0.0573 and
0.0634 mg for rod-like SiO,, vesicle-like SiO, and SiO,-NH,, respec-
tively. The amount of mesoporous SiO, in modified electrodes was
0.1333 mg.

2.7. Amperometric and cyclic voltammetry (CV) measurement

Electric current signals were measured and recorded with
a potentiostat (Biometra EP-30, Géttingen, Germany). Measure-
ments were carried out inside a stirring cell filled with 5ml of
0.1 M phosphate buffer (pH 7.0, containing 0.1 M KCl). A three-
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electrode configuration consisting of a surface-modified platinum
working electrode, an Ag/AgCl reference electrode, and a platinum
counter electrode was employed for amperometric measurements
at a fixed potential of +600 mV. The electrodes were immersed in a
blank buffer solution for a few minutes until a stable current was
reached. B-p-Glucose solutions of different concentrations were
then injected into the measurement cell, and the response current
rapidly reached a new stable level. All of the experiments were
conducted at room temperature and repeated three times.

Cyclic voltammetry (CV) measurement was performed by using
a BAS model 100B (West Lafayette, IN) voltammetric analyzer
driven by BAS 100 W version 2.0 software. Three-electrode con-
figuration was used which was the same as for amperometric
measurement. Electrolyte solution was 0.1 M phosphate buffer pH
7.0, scan rate 100mVs~!, scan range 0-600 mV.

3. Results and discussion
3.1. Morphologies of mesoporous SiO,

Representative HRTEM and FESEM images are shown in Fig. 1.
Clearly contrasting are the rod-like (Fig. 1A and C) and vesicle-like
(Fig. 1B and D) morphologies of the mesoporous SiO,. As shown in
Fig. 1A, the mesoporous rod-like silica (SBA-15) contains hexagonal
channels ca. ~11 nm in diameter. On the other hand, the meso-
porous vesicle-like silica (Fig. 1B) bears multilamellar channels
with a size of ca. ~12 nm. Both of the mesoporous silica materials
have SiO, walls ca. ~5 nm thick. Fig. 1D presents the aggregation of
vesicle-like silica spheres. Evidently, the mesopores of such meso-
porous silica materials are sufficiently large for the encapsulation
of GOx molecules with a dimension of 6.0nm x 5.2 nm x 3.7 nm.

3.2. Characteristics of mesoporous SiO, functionalized with
APTMS

For covalent modification of the mesoporous silica, the
methoxyl group of APTMS was allowed to react with the silanol
groups on the internal surface, leaving the aminopropyl groups
attached to the internal surfaces of the mesoporous SiO, materials.
FT-IR was used to confirm the surface modification. Before the sur-

ay
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Fig. 1. Representative HRTEM and FESEM images of rod-like SiO, (A and C) and vesicle-like SiO, (B and D).

face modification, an intense adsorption band at ~3450cm~! due
to the stretching vibration of surface hydroxyl groups was detected,
indicating the presence of abundant free silanol groups on the
mesoporous SiO, surfaces (Fig. 2a). For the functionalized meso-
porous vesicle-like SiO, (Fig. 2b), there is an infrared absorption
band atabout ~1570 cm~!, which can be assigned to the N-H asym-
metric bending of amine groups [41]. Moreover, the occurrence of
a weak absorption band at ~2935cm™! is thought to arise from
the asymmetric stretching vibration of CH, of the propyl group.
These results give evidence that the vesicle-like SiO, surfaces have
been successfully functionalized by the amine groups. The N-H
stretching, which normally appears at about 3380cm™!, could not
be discerned as it overlaid the strong broad band at ~3450cm~! of
the surface hydroxyl groups of the mesoporous SiO, [42].

3.3. Immobilization of GOx on mesoporous SiO, and
functionalized mesoporous SiO,

3.3.1. Mechanistic consideration
Physical adsorption is the simplest method of immobilizing
enzyme onto ordered mesoporous SiO,. Since there is no further

(2)
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Wavenumber (cm™)

Fig. 2. FT-IR spectra of vesicle-like SiO, before (a) and after (b) modification with
APTMS.
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Scheme 1. The possible mechanisms of GOx immobilization onto the internal sur-
faces of mesoporous SiO; and functionalized mesoporous SiO;. (A) Physisorption
and (B) chemisorption.

treatment, denaturation of enzyme is avoided. Possible physi-
cal adsorption forces of GOx on mesoporous silica involved here
include weak van der Waals interaction, hydrogen bonding interac-
tion, and electrostatic interactions between the GOx molecules and
silanol groups on the internal surface of the mesoporous materials
[43].

After the successful amine functionalization, GOx was then
covalently bound to the APTMS modified mesoporous SiO, using
glutaraldehyde as the cross-linker. In the first step, the reaction
between the hydroxyl groups of mesoporous SiO, and APTMS was
performed; then the product of this reaction was treated with glu-
taraldehyde. In the third step, the superficial amino groups of the
GOx were made to react with the functionalized support to pro-
duce the chemically adsorbed immobilization GOX on mesoporous
SiO, [43,44]. Formation of covalent bonds with functionalized sur-
faces ensures strong binding and negligible leaching of enzyme. The
possible mechanisms of GOx immobilization onto the internal sur-
faces of mesoporous SiO; and functionalized mesoporous SiO, by
physisorption and chemisorption are shown in Scheme 1.

3.3.2. Nitrogen adsorption—desorption isotherms

The nitrogen adsorption-desorption isotherms of the rod-like
and the vesicle-like SiO, are shown in Fig. 3, together with the
resulting Barrett-Joyner-Halenda (BJH) pore size distributions
determined from the corresponding adsorption branches, for the
samples before and after loading of GOx. One can see that the
amount of nitrogen adsorbed decreased markedly in the rod-like
Si0, (from 687 to 413cm3g-!) and the vesicle-like SiO, (from
874 to 533cm3g~1) upon GOx adsorption. Similar results were
reported previously by our group for the adsorption of lipase
from Candida rugosa onto the mesoporous SiO, [12]. The nitrogen
adsorption-desorption isotherms (Fig. 3A and B) of the rod-like
SiO, before and after adsorption of GOx are of type IV with an
H1-type hysteresis loop that is characteristic of SBA-15. In con-
trast, the sorption isotherms (Fig. 3C and D) of the vesicle-like SiO;
before and after adsorption of GOx are different from a typical
type IV of SBA-15. For instance, these sorption isotherms have a
broad hysteresis loop in the range of P/Py=0.51-0.99, which does
not close until the saturation pressure is reached [12]. The spe-
cific surface areas and the total pore volumes of the rod-like and
vesicle-like SiO, were also drastically reduced after GOx adsorp-
tion. For the rod-like SiO,, the specific surface area was decreased
from 437 to 299 m2 ¢! and the total pore volume from 1.09 to
0.65 cm3 g~1. More significant for the vesicle-like SiO,, the adsorp-
tion of GOx led to the decrease of the specific surface area from 509
to 183 m2 g~! and the total pore volume reduction from 1.49 to
0.77 cm3 g~1. These results indicate that the GOx molecules were
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Fig. 3. N, adsorption-desorption isotherms and pore diameter distribution curves
(insert) of rod-like SiO, before (A), after (B) GOx loading and vesicle-like SiO, before
(C) and after (D) GOx loading.

adsorbed on the internal surfaces of the mesopores rod-like and
vesicle-like SiO,. The higher amount of GOx adsorbed on vesicle-
like SiO, than on the rod-like silica is consistent with its higher
specific surface area (509m?g-1) and larger total pore volume
(1.49cm3g1).
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Fig.4. The CV curves at different glucose concentration measured by rod-like meso-
porous SiO; (A) or vesicle-like mesoporous SiO, (B) immobilized GOx modified
electrode. The glucose concentrations were 0 mM (curve a), 2mM (curve b), 4 mM
(curve c), 8mM (curve d) and 16 mM (curve e), respectively.

3.4. Electrochemical characterization of GOx modified electrode

3.4.1. Principle of the amperometric measurement
The amperometric glucose biosensors are based on the oxida-
tion of glucose by according to the following reactions:

B-d-Glucose + 05 + Hzoﬂd—cluconic acid + H,0,

The amperometric sensors can respond to glucose by detect-
ing the current generated by the oxidation of hydrogen dioxide
on the electrode at +600 mV versus Ag/AgCl reference electrode.
Higher glucose concentration and higher enzymatic activity will
both lead to a higher rate of H,O, production, and thus higher
current response. The former agrees with the general trend of the
data that the current responses of the enzyme-modified electrodes
increase with the glucose concentration. The latter is reflected by
the fact that the introduction of the mesoporous SiO, increases the
current responses dramatically.

3.4.2. Cyclic voltammetric behavior of GOx modified electrode

CV measurement was done with a potential scan rate of
100mVs~1. The resulted CV curves with different concentrations
(0, 2, 4, 8 and 16 mM) of glucose measured by the electrode
modified with rod-like mesoporous SiO, or vesicle-like meso-
porous SiO, immobilized GOx were shown in Fig. 4. Anodic
peak current become stable at potential lower than +210mV
for rod-like mesoporous SiO, or vesicle-like mesoporous SiO;
immobilized GOx modified electrode at glucose concentrations
0 and 2mM. While at higher glucose concentrations (4, 8 and
16 mM), the cyclic voltammograms show that an obvious increase
in anodic peak current with the glucose concentration increas-
ing. The results show that the mesoporous SiO, immobilized GOx

A 14
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-]

0 1 2 3 4 5 6
Glucose concentration (mM)

Current (pA em™)
s

] b
2 ._.,_——r—,""—”/’—u.(a)—-
0

Glucose concentration (mM)

Fig. 5. Calibration plots of current versus glucose concentration for biosensors fab-
ricated with rod-like SiO, (A) and vesicle-like SiO, (B). (a) GOx only, (b) mixture of
GOx and mesoporous SiO,, and (¢) GOx physically adsorbed on mesoporous SiO,.

modified electrode can used as biosensor for measurement of glu-
cose.

3.4.3. Current response of physisorbed GOx modified electrode

In this study, we investigated the effect of different morpholo-
gies of mesoporous SiO, other than SiO, sphere, namely rod-like
and vesicle-like mesoporous SiO,, on the performance of the glu-
cose biosensors. The current responses of the electrodes of Pt/GOx,
Pt/GOx mixed with rod-like and vesicle-like mesoporous SiO,, and
Pt/GOx immobilized on rod-like and vesicle-like mesoporous SiO,
were tested by using a Biometra EP-30 potentiostat. Fig. 5 shows the
current responses of these electrodes. The results clearly show that
the current responses of the enzyme electrodes increase with the
glucose concentration and more important, the current responses
of the mesoporous SiO, containing enzyme electrodes increase dra-
matically. Particularly interesting is the observation that all of the
current responses for the electrodes with the enzymes immobi-
lized on the mesoporous SiO, are significantly higher than those
modified by simply mixing the GOx and the mesoporous SiO5. It
appears that GOx immobilization onto the mesoporous silica tends
to maximize the enzymatic activity. As can also be seen from Fig. 5A
and B, the linear response range of the sensor responses to the glu-
cose concentration can extend to at least 7.5 mM. Tables 1 and 2
summarize the sensitivity, linear range and detection limit of glu-
cose biosensors using rod-like SiO, and vesicle-like SiO, as hosts
for GOx with different immobilization strategies, respectively. The
response sensitivities and the detection limits of the GOx biosen-
sors prepared using different enzyme immobilization strategies are
1.60 pAmM-1 cm=2, 3.2 uM and 2.42 pAmM~! cm~2, 1.6 uM for
GOx physisorbed on rod-like SiO, and GOx physisorbed on vesicle-
like SiO,, respectively. The greater response enhancement of the
electrodes modified using GOx immobilized in the vesicle-like SiO;
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Table 1
The sensitivity, linear range and detection limit of glucose biosensors using rod-like SiO, as hosts for GOx with different immobilization strategies.
Modified electrodes Sensitivity Linear range Detection
(nAmM~'cm2) (mM) limit (M)
GOx only (control) 0.09 0.1-7.5 10.9
GOx and rod-like SiO, mixture 1.21 0.02-7.5 3.2
GOx physisorbed on rod-like SiO, 1.60 0.01-7.5 3.2
Table 2
The sensitivity, linear range and detection limit of glucose biosensors using vesicle-like SiO, as hosts for GOx with different immobilization strategies.
Modified electrodes Sensitivity Linear range Detection
(LAmM—! cm~2) (mM) limit (M)
GOx only (control) 0.07 0.1-7.5 25.6
GOx and vesicle-like SiO; mixture 0.29 0.02-7.5 13.5
GOx physisorbed on vesicle-like SiO, 2.42 0.01-7.5 1.6
A N NH,
ég: \ i ] Y\Q\‘

NH,
{? GOx —NH, 60x

GOx GC

Pt electrode
Mesoporous Si0, immobilized GOx

Pt electrode

Scheme 2. Schematicrepresentation of platinum electrodes modified with free GOx
(A) and modified with mesoporous SiO, immobilized GOx (B).

can be ascribed to its peculiar pore surfaces, higher specific sur-
face area (509 m? g~!) and larger total pore volume (1.49cm3 g~ 1).
These results give similar sensor performance to that reported by
Yang and Zhu, who modified Pt electrode with SiO, nanoparticles
immobilized GOx [28].

As mentioned above, the current responses for the electrodes
with the enzymes immobilized on the mesoporous SiO, are sig-
nificantly higher than those modified by simply mixing the GOx
and the mesoporous SiO;. This is true for both the rod-like and the
vesicle-like mesoporous SiO,. Since the amount of active GOx on all
the electrodes for a given type of mesoporous SiO, was the same,
this result suggests that the role of the mesoporous SiO, is not only
to increase the surface area for enzyme loading, but also to preserve
and/or enhance the enzyme activity by keeping the enzymes in a
favorable folding conformation for catalysis, which led to the fur-
ther improvement in sensitivity. For immobilized enzyme, some
hydration water can be retained between the adsorbed enzyme
layer and its interface with the mesoporous SiO,, helping to form
highly hydrated enzyme molecules. As a result, the immobilized
enzyme onto the mesoporous SiO, would show a higher intrin-
sic activity than free enzyme [12,45]. This is because the co-factor

Current {pA cm™)

3 4 5 6 7 8
Glucose concentration (mM)

=
-
~N

Fig. 6. Calibration plots of current versus glucose concentration for biosensors fab-
ricated with (a) GOx only, (b) a mixture of GOx and vesicle-like SiO,-NH,, and (c)
GOx covalently bound on vesicle-like SiO,-NH,.

flavin-adenine dinucleotide (FAD), the polar part normally buried
in the interior of the enzyme, can then become exposed to the
water, which can increase the activity of the immobilized enzyme
[46]. The proposed mechanisms for platinum electrodes modified
with free GOx and modified with mesoporous SiO, immobilized
GOx are shown in Scheme 2.

3.4.4. Current response of chemisorbed GOx modified electrode

After the successful amine functionalization, GOx was then
covalently bound to the APTMS modified mesoporous SiO; using
glutaraldehyde as the cross-linker. Fig. 6 shows the current
responses of such electrodes (Fig. 6¢), together with those of free
GOx electrodes (Fig. 6a) and of mixtures of GOx and vesicle-like
SiO,-NH, (Fig. 6b). One can see that the current responses of the
electrodes modified using GOx covalently bound on the vesicle-like
SiO,-NH, are higher than those of the electrodes modified using
the mixture of GOx and the vesicle-like SiO,—NH,. The data for the
amperometric response sensitivity, linear range and detection limit
of the GOx biosensors using vesicle-like SiO,-NH, with different
enzyme immobilization strategies are charted in Table 3.

It should be pointed out that although the glucose biosen-
sor with GOx covalently bound to the vesicle-like SiO,-NH,

Table 3
The sensitivity, linear range and detection limit of glucose biosensors using vesicle-like SiO,-NH; as a host for GOx with different immobilization strategies.
Modified electrodes Sensitivity Linear range Detection
(LAmM~!' cm~2) (mM) limit (M)
GOx only (control) 0.33 0.05-7.5 10.8
GOx and vesicle-like SiO,-NH, mixture 0.16 0.1-7.5 14.4
GOx chemisorbed on vesicle-like Si0; -NH; 1.56 0.01-7.5 5.2
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resulted in a higher enzyme loading, it showed a lower sensitiv-
ity (1.56 puAmM~! cm~2) than the one (2.42 pAmM~! cm~2) with
physisorbed GOx. A possible explanation for this seemingly coun-
terintuitive result is related to the type of covalent bond between
the mesoporous vesicle-like SiO, and the GOx molecules, which
could compromise the enzyme flexibility. In other words, the strong
covalent interactions between the vesicle-like SiO,-NH; and GOx
may restrict the self-dynamics of the bound enzyme molecules
required for catalytic sensitivity. Furthermore, it may also distort
the tertiary structure of the enzyme with its consequent partial
inactivation [40]. On the contrary, in the physisorption case, the
weak physical interactions between the vesicle-like SiO, and GOx
are likely to preserve the active conformation of the enzyme, thus
favoring the high catalytic sensitivity, despite the low loading.

4. Conclusions

We have conducted a comparative study on the immobilization
of GOx in rod-like and vesicle-like mesoporous silica for the devel-
opment of glucose biosensors. We have shown that the mesoporous
structure remained rod-like for the hexagonal channels and vesicle-
like for the multilamellar channels after GOx immobilization. The
mesoporous rod-like and vesicle-like SiO, were used to immo-
bilize GOx by physisorption and by covalent linkage to fabricate
a series of glucose biosensors. The electrodes modified with GOx
immobilized in the mesoporous rod-like and vesicle-like SiO, have
demonstrated high potential for glucose detection; much higher
bioelectrocatalytic activity was observed with GOx immobilized on
the mesoporous SiO, than free GOX. We have also shown the effect
of the morphologies of the mesoporous SiO; on the sensitivity of the
surface-modified glucose biosensors. Namely, the glucose biosen-
sors with GOx covalently bound on the vesicle-like SiO,-NH; have a
lower sensitivity than those with the physisorbed GOx due possibly
to the altered static and dynamic conformations. The results of this
study should be helpful for the development of high performance
glucose biosensors and biosensors in general.
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