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Immobilization of glucose oxidase (GOD) within a hybrid

mesoporous membrane with 12 nm pore diameter was success-

fully achieved, resulting in catalytically high efficiency during

flow of a glucose solution across the membrane.

Enzyme encapsulation within a porous inorganic host has

provoked significant interest because it can render enzymes

more mechanically robust and thermally stable as well as more

easily separable from the reaction media.1–3 Mesoporous silica

materials have been considered as a suitable host due to their

inherent characteristics of high surface area and pore volume,

tunable pore size accommodating dimensions of enzymes, and

mechanical stability.4,5 Until now, mesoporous silica particles

have been usually used as the host6–8 and high activities of

enzymes within the host have been reported.9 However, as the

enzyme is encapsulated within small pores, its kinetics for a

complete catalytic reaction process is often reduced compared

to that of the enzyme in a solution because of the rate

limitations imposed by slow diffusion within the small

pores.10,11 Hence, shortening of the generally prolonged reac-

tion time is demanded for rapid enzyme catalytic reaction. In

addition, the use of mesoporous silica particles requires their

separation from a reaction medium by centrifugation or

filtration.12 Although the separation of a mesoporous silica

host is easier than that of enzyme, reduction of the separation

process is favored for a simple and rapid scheme. Herein, we

propose a method to solve those problems by applying a

hybrid mesoporous membrane composed of mesoporous silica

within a porous anodic alumina membrane (Fig. 1).

Recently, we13,14 and other research groups15–17 reported a

method to fabricate hybrid mesoporous membranes with an

ordered pore structure ranging from 3.4 to 12 nm. Since

mesoporous silica can be formed within all alumina pores in

the anodic alumina membrane (AAM) of 2 to 4 cm in

diameter, the resulting hybrid mesoporous membrane allows

transport of molecules through silica mesopores by embedding

the membrane between two solution phases.18,19 In the present

study, glucose oxidase (GOD) was covalently immobilized

within the hybrid mesoporous membrane and the resulting

GOD-immobilized membrane (GOD-M) was applied for con-

version of glucose to gluconic acid and hydrogen peroxide. As

shown schematically in Fig. 1, the GOD-M can be used for

conversion of glucose by using a conventional filtration appa-

ratus. Herein, we demonstrated rapid glucose conversion by

passing a glucose solution through the GOD-M under mod-

erate aspiration (Fig. 1). The proposed scheme allows conver-

sion of glucose without separation of the mesoporous silica

host from the reaction media. In addition, our experimental

results showed that the GOD-M has an efficient catalytic

activity for glucose, indicating that an enzyme catalytic mem-

brane based on a hybrid mesoporous membrane is useful for

the study of enzyme chemistry as well as for practical applica-

tions in biosensors and catalysts.

The hybrid mesoporous membrane was prepared by using

Pluronic F127 ((PEO)106(PPO)70(PEO)106) as a structure-

directing agent.z As shown in Fig. 2(a), columnar mesoporous

silica was formed inside the AAM pores and had a length of

ca. 50 � 2 mm. Some authors reported that mesoporous silica

could be formed within an alumina membrane by soaking the

alumina membrane in a precursor solution.20,21 In contrast to

this method, we have used an aspiration-induced infiltration

approach that prevents any formation of mesoporous silica on

the membrane surface. This is a significant advantage for the

application of the hybrid mesoporous membrane to the glu-

cose conversion because the unfavorable formation of meso-

porous silica on the membrane surface may prevent smooth

solution flow across the membrane.

The mesostructure of the columnar mesoporous silica was

observed by transmission electron microscopy (TEM) after

calcination of the hybrid mesoporous membrane at 600 1C.

The mesostructure shown in TEM images (Fig. 2(b) and (c),

(d)) was similar to that found for mesoporous silica formed

inside alumina pores by using Pluronic P123 as the structure-

directing agent and could be ascribed to the 3D concentric

spherically layered structure.14 As typically shown in Fig. 2(c)

Fig. 1 Schemes for the glucose conversion by using a GOD-immo-

bilized hybrid mesoporous membrane under moderate aspiration.

aDepartment of Chemistry, Graduate School of Science, Tohoku
University, Aoba-ku, Sendai 980-8578, Japan. E-mail:
teramae@mail.tains.tohoku.ac.jp; Fax: þ81-22-795-6552;
Tel: þ81-22-795-6549

b PRESTO, Japan Science and Technology Agency, 4-1-8 Honcho,
Kawaguchi, Saitama 332-0012, Japan

w Electronic supplementary information (ESI) available: Character-
ization, Fig. S1 and S2. See DOI: 10.1039/b717094g

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 853–855 | 853

COMMUNICATION www.rsc.org/chemcomm | ChemComm



and (d), shrinkage of mesoporous silica was sometimes ob-

served inside the alumina pores.22 This shrinkage might be

induced by the decomposition of Pluronic F127 and the

condensation of the silica walls during the calcination process.

The pore diameter was estimated by the measurements of

nitrogen adsorption/desorption isotherms and the value was

12 nm (ESI, Fig. S1w).
The GOD encapsulation was done by covalent attachment

on the inner wall of the silica mesopores, because if GOD is

noncovalently encapsulated, it may be eluted from the silica

mesopores during flow of the glucose solution. After removal

of Pluronic F127 inside the silica mesopores by calcination,

3-aminopropyltrimethoxysilane (APTMS) was immobilized

on the inner pore surface. Then, GOD was covalently attached

via a linker of glutaraldehyde (GA) and the GOD-M was

obtained. The weight of GOD encapsulated was estimated by

thermal gravimetric and differential thermal analysis

(TG-DTA) and the estimated value was ca. 15 mg per 1 g of

the GOD-M (ESI, Fig. S2w).
The BET surface area of the hybrid mesoporous membrane

was estimated as 18 m2 g�1 from the nitrogen adsorption/

desorption isotherm measurements (ESI, Fig. S1w). Here, we

assumed an occupied area of a single-molecule thick layer of

GOD on the silica surface as 6 � 6 nm because unit cell

dimensions of GOD are 6.0 nm � 5.2 nm � 7.7 nm.23 From

this assumption, the occupied area for 15 mg of GOD was

calculated as 2 m2 and the surface coverage ratio of GOD in

the GOD-M was ca. 0.11.

When a solution passed through the GOD-M under aspira-

tion, no detectable leakage of GOD was recognized. In con-

trast, the leakage of GOD was observed when GOD was

electrostatically encapsulated in the mesoporous silica mod-

ified by APTMS only. Accordingly, we concluded that GOD

was covalently attached via the GA linker in the GOD-M.

The GOD-M was set in an ordinary filtration apparatus and

1 ml of glucose solution was poured on the membrane surface.

By applying moderate aspiration, the glucose solution passed

through the GOD-M at a flow speed of 1 ml per 50 min. The

sample solution that passed through the GOD-M was col-

lected in a glass container and the concentration of hydrogen

peroxide in it was measured by a traditional colorimetric

method using peroxidase and 3,30,5,50-tetramethylbenzidine.

For 5 mM glucose solution, the conversion efficiency was 99%.

The effect of the concentration of glucose on the conversion

efficiency is shown in Fig. 3. The conversion efficiency de-

creased as the concentration of glucose increased. For the

GOD-M prepared in this study, the surface coverage of GOD

was low (0.11) and this low surface coverage would be ascribed

to the decrease in the conversion efficiency with increasing the

glucose concentration. Hence, an improvement of the surface

coverage of GOD would be important to create an effective

GOD catalytic membrane.

We further examined the conversion efficiency of a bio-

catalyst membrane in which GOD was immobilized within

AAM pores which lacked mesoporous silica. As a result, it was

confirmed that the conversion efficiency for the GOD-immo-

bilized AAM (GOD-AAM) was much lower than that for the

GOD-M. This low efficiency for the GOD-AAM could be

ascribed to the large pore diameter (ca. 200 nm) of AAM

compared to that for the hybrid mesoporous membrane

(12 nm), since the encounter frequency of glucose with GOD

immobilized on inner pore walls would increase as the pore

diameter decreased. Thus, the GOD-M synthesized in this

study has a higher conversion efficiency than nanoporous

membrane systems (e.g. AAM) with large pore diameters.

We also investigated the effect of the flow speed on the

conversion efficiency. As shown in Fig. 4, the conversion

efficiency dropped as the flow speed increased. Because of

the very low amount of immobilized GOD (surface coverage

Fig. 2 SEM and TEM images of mesoporous silica. (a) Columnar

mesoporous silica inside the alumina pores. (b) TEM side-view of

columnar mesoporous silica. (c), (d) TEM top views of columnar

mesoporous silica with concentric stacked-doughnuts structure.

Fig. 3 Conversion efficiency with varying concentration of glucose

solution on different supports. J: GOD-M; ’: GOD immobilization

within AAM.

Fig. 4 Conversion efficiency with varying flow speed. Concentration

of glucose was 5 mM with 0.01 M sodium phosphate buffer (pH ¼ 7).
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ratio of GOD ¼ 0.11), the glucose could not be catalyzed

entirely when it passed through the membrane at high speed.

Furthermore, when the surfactant template was removed by

calcination, shrinkage of the mesoporous silica occurred and

the passage of glucose through the membrane could occur

without it being catalyzed.

The reusability of the immobilized enzyme is an important

factor in the biocatalyst membrane. The conversion efficiency

was examined after prolonged storage of the GOD-M in a

0.01 M sodium phosphate buffer solution at 4 1C. After

storage for 10 days, the retained conversion efficiency was

about 57% of the original efficiency. The decay in the conver-

sion efficiency could be attributed to denaturation of GOD in

the GOD-M. In addition, hydrolysis of silica matrix should be

taken into account for the decay. Probably, hydrolysis of the

silica matrix in the phosphate buffer solution was the cause of

the decay in the conversion efficiency after 10 days.

In summary, a hybrid mesoporous membrane with 12 nm

pore diameter was synthesized by using Pluronic F127 as a

structure-directing agent, and GOD was covalently immobi-

lized within the hybrid mesoporous membrane which was then

applied for oxidation of glucose to gluconic acid and hydrogen

peroxide. The hybrid mesoporous membrane with GOD

showed high conversion efficiency of glucose and the conver-

sion efficiency was 8 to 9 times higher than that observed for

the AAM with GOD. This study showed that the hybrid

mesoporous membrane could be an excellent substrate for

immobilization of enzymes. This kind of enzyme catalytic

membrane could potentially be used in the development of

applications in various fields such as enzymatic sensors,

biocatalysts, and bio-fuel cells.
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Notes and references

z Synthesis
Mesoporous silica was synthesized by using Pluronic F127 as a
structure-directing agent. The precursor solution was prepared follow-
ing the literature procedure.24 0.92 g of Pluronic F127 were dissolved
in a solution containing 17.66 g of ethanol, 0.2 g of 1 M HCl, and
1.38 g of water. The solution was refluxed at 30 1C for 1 h with stirring
and a homogeneous solution was obtained. Then, 2.0 g of TEOS was
added to the homogeneous solution with slow stirring for 5 h to form a
silica–surfactant sol. Porous anodic alumina membranes (pore dia-
meter ¼ ca. 100 nm, thickness ¼ ca. 60 mm, diameter of membrane ¼
25 mm) were obtained from Whatman (Anodisk). An alumina mem-
brane was set in an ordinary membrane filtration apparatus, and the
precursor solution was dropped onto the alumina membrane. Moder-
ate aspiration was applied so that the precursor solution penetrated
into the columnar alumina pores, then the membrane was dried in air
at room temperature. The resulting membrane was calcined by increas-
ing temperature slowly from room temperature to 600 1C for 8 h.

Immobilization of enzyme onto the surface of inorganic supports
Grafting aminopropyl functional groups covalently on the silica
surface of the hybrid mesoporous membrane was carried out by using
the reaction between silanol groups and 3-aminopropyltrimethoxy-
silane (APTMS) in dry methanol. Typically, one piece of membrane
was immersed into a solution containing 9 ml of dry methanol and 1
ml of APTMS, and this was refluxed for 4 h at 60 1C. After cooling
slowly, the membrane was washed with methanol and dried under
reduced pressure for 2 h. The APTMS-grafted membrane was set in an
ordinary membrane filtration apparatus, and 1ml glutaraldehyde
(GA) (2.5 wt%) solution was dropped onto the alumina membrane.
Moderate aspiration was applied so that the GA solution flowed
through the membrane at room temperature. After that, the
membrane was thoroughly rinsed using a 0.01 M sodium phosphate
buffer solution in order to remove trace amounts of glutaraldehyde
and to avoid cross-linking after addition of enzyme. One piece of
the membrane was immersed into 1ml of an enzyme solution (2.5 mg
ml�1) and shaken at room temperature for 20 h at 80 rpm.
The membrane was washed using a 0.01 M sodium phosphate
buffer solution several times, and then kept in the same buffer
solution at 4 1C.
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