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Abstract

Large mesopores cellular foam (LMCFs) materials with diameters ranging from 17 to 34 nm were synthesized using microemulsion
templating. The amine functional groups were attached to channels of LMCFs materials via post-synthesis grafting. The structural and
chemical properties of these prepared materials were characterized by TEM, XRD, FTIR and nitrogen adsorption. The glucose oxidase (GOx)
was immobilized by covalently couple enzyme molecules to the interior surface of amino-functionalized mesostructured cellular foams (AF-
MCFs) materials, in which leaching of the enzyme is prevented. The immobilized enzyme exhibited the high catalytic activity and thermal
stability for oxidation of glucose. It was found that GOx immobilized on AF-MCFs materials is re-useable.
© 2005 Published by Elsevier B.V.
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1. Introduction orous pores (>50 nm) for the diffusion of reagents and prod-
ucts through pore channel in order to avoid undesired pore
The specific immobilization of enzymes onto solid sup- blocking phenomengB-11]. A considerable effort has been
ports is of considerable interest for their applications as en- devoted to develop large mesopores and macroporous ma-
zyme reactors, biological fuel cells and biosensfdrg]. terials as supports for the immobilization of enzyme. The
Functionalized mesoporous materials with high surface area,synthesis of mesostructured cellular silica foams has been
controllable pore size, narrow pore size distribution, thermal studied by several research¢i®—16] The major advan-
and mechanical stability and featuring high functionality, pro- tage of the combination of surfactant templating techniques
vide high affinity with the enzyme molecules leading to high and emulsion or microemulsion templating is that it provides
enzyme loading3-5]. Several periodic mesoporous materi- a simple and effective way to fabricate mesoporous mate-
als with uniform pore diameters of 2—15nm such as MCM- rials with well-defined pore structures from mesoporous to
41, MCM-48, M41S and BAS have been used for the enzyme large and ultralarge. Therefore, functionalized large meso-
immobilizations. The enzyme stability can be enhanced by pores materials with a high density of amino groups and
immobilizing enzyme on mesoporous materi@s$,7]. well-defined mesochannels have resulted in a revolution of
In biotechnological applications, the use of high- the use of biomolecule for applications in separation, catal-
molecular-weight materials requires mesoporous materialsysis and sensors, which typically depends on the successful
with well-defined large mesopores (15-50 nm) or macrop- immobilization of biomolecule onto suitable hddi7,18]
Despite its importance for the biotechnology applications,
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large mesopores by oil/water microemulsion templating has in which the molar ratio of ATES to TEOS was controlled
not been reported. from 0 to 2. This reaction mixture was refluxed at°&for
In this paper, we report the synthesis of amino- 8h. The white solid was filtered off, washed with deionized
functionalized mesostructured cellular foams (AF-MCFs) water and ethanol and dried at 8D for 24 h.
with large mesopores by the post synthetic grafting of  The AF-MCFs materials were characterized by a JOEL
tetraethoxysilane (TEOS) and 3-aminopropyl-triethoxysi- 2000FX transmission electron microscope. Small-angle X-
lane (ATES) using the microemulsion templating. AF-MCF ray diffraction measurements were performed on an X-ray
materials prepared were characterized by transmission elec4diffractometer (Rigaku Rotflex D/Max-C) using Cwka-
tron microscopy (TEM), X-ray diffraction (XRD), Fourier  diation (. =0.15064 nm). Nitrogen adsorption measurements
transform infrared (FTIR) and nitrogen sorption. Glucose were carried out with a Tristar 3000 Micromeritics at 285
oxidase (GOx) immobilized on AF-MCF materials and the Each sample was degassed for 2 h at ZD@nder vacuum
performances of immobilized enzyme were investigated and of about 10°3 Torr in the degas port of the adsorption ap-
discussed. paratus before being analyzed. Surface areas were calcu-
lated by the Brunauer—Emmett—Teller (BET) metHa@].
The pore size was calculated using Barrett—Joyner—Hatenda
2. Experimental (BJH) model[20]. Infrared spectra were measured on KBr
disks with Thermo Nicolet (US) Avatar 360 FTIR spectrom-

Tetraethoxysilane, and EtOH were obtained from Aldrich. €ter.
3-Aminopropyl-triethoxysilane was obtained from ACROS.
All chemicals were used as received. Water used in all syn-2.1. Enzyme immobilization
thetic procedures was deionized to 18Mm. Large meso-
pores cellular foam (LMCFs) materials were synthesized us-  The glucose oxidase was used to investigate immobi-
ing microemulsion templating in acidic solutions. LMCF ma- lization on the amino-functionalized mesostructured cellu-
terials were prepared as follows: P123 (poly (ethylene oxide)- lar foams materials. First, AF-MCFs materials react with
block-poly (propylene oxide)-block-poly (ethylene oxide), amylaldehyde to change amino groups into aldehyde groups,
EOyo-POr0-POz9, May=5800) of 2g (0.4 mmol) was dis-  which can covalently couple enzyme molecules to the inte-
solved in 75ml 1.5N HCI solution at room temperature with rior surface of AF-MCFs materials through the amino groups
of enzyme interacting with the aldehyde groups. The reaction
can be represented by the following equation:

>SHOH PSHO._ S0,
. (E10);SIPENHZ | . Hocssscor Bl ]
>Si-OH SSi-0—Sin~NH; H2 T CON G0 —S§ i N=C~~COH

>Si-OH =507 =507

EES ]_O\ . @ 55 I_O\
BSTO—Si~N=C~~COH = S8 —S i N= (e C = Nelenzym

Then, the 8 mg of mesoporous solid was suspended in
4 ml of enzyme solution (enzyme concentration: 1 mg/ml)
stirring. 1,3,5-Trimethylbenzene (TMB, 8 g, 68 mmol) as the and was shaken overnight at room temperature. Quantifica-
organic solvent (oil phase) was then added to the surfactanttion of amino groups loaded on AF-MCFs materials was per-
solution with stirring to form an oil-in-water microemulsion. formed by Kjeldhl method21]. The amount of enzyme ad-
The amount of TMB used was controlled by the weight ra- sorbed was measured by analyzing the enzyme content of the
tios of TMB to Pi23 from 0 to 10, a typical ratio was 4:1.  supernatant liquid using Bradford meth{@2]. The amount
The TEOS (TEOS: 4.4 ¢, 21 mmol) were then added to the of GOx adsorbed on the mesoporous solid was calculated by
surfactant solution and this mixture was covered and stirred deducting the concentration of supernatant from precursor
at 38—40°C for 24 h. The synthesized materials were aged at solution.
110°C for 24 h in an autoclave. These as-synthesized mate-
rials were rinsed with deionized water and dried at air for 2 2.2. Activity test
days. These synthesized productions were calcined &&00
for 5h in air to remove surfactant and form LMCF mate- GOx activity was measured by catalyzing glucose at
rials. For post-synthesis functionalization of LMCF materi- 0.1 mol/l phosphate buffer (pH 5.6) changing to gluconic acid
als, 0.2 g of calcined LMCF sample was suspended in 20 ml according to the following equation:
of ethanol. Then, appropriate amount of 3-aminopropyl-
triethoxysilane was added to this silica suspended solution, glucose> gluconic acid+ 26~
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The activity of glucose oxidase immobilized on the amino-
functionalized mesostructured cellular foams materials was ‘ -
determined by titrating gluconic acid produced with NaOH
solution to an initial pH value. Based on the consumption
of NaOH in the first 10 min, the amount of gluconic acid
produced was obtained, from which the activity of the im-
mobilized enzyme can be calculated. The specific catalytic
activity was expressed as micromoles gluconic acid produced
per microgram of GOx at per min. The thermal performances
of immobilized enzyme and free enzyme were investigated
and compared by heating the solution to different temperature |
and maintaining for 60 min. Enzyme re-use was examined by
filtered samples and washed with buffer solution and dried at
4°C after the first test.

3. Results and discussion

Fig. 1shows atypical TEM image of amino-functionalized
mesostructured cellular foam (AF-MCF) materials at large
mesopores. These AF-MFC materials possess a disorderec
mesoporous structure consistent with the structural features
of MCFs reported by previous studig42-16] Larger
mesopores with diameters ranging from 17 to 34 nm were
observed fronfrig. 1and the wall thickness of the AF-MCFs
was estimated to be from 2.5 to 4nm by using TEM. LOW Fig. 1. Transmission electron microscope (TEM) image of the amino-
angle X-ray diffraction (XRD) was performed for the amino- functionalized mesostructured cellular foam (AF-MCF) materials prepared
functionalized MFC materials to analyze the structure of the by microemulsion templating after surfactant removing.
mesoporous materialgig. 2shows the XRD peak in the low
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Fig. 2. X-ray diffraction patterns for the amino-functionalized mesostructured cellular foam (AF-MCF) materials prepared by microemulsitndeafipr
surfactant removing.
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Fig. 3. Nitrogen adsorption isotherms and corresponding pore size analyses for the amino-functionalized mesostructured cellular foam (Afe+MISF) ma
prepared by microemulsion templating after surfactant removing.

angle region after calcinations, which indicates the presenceFig. 3 (inset) shows the pore size distributions measured by
of a mesoporous structure without any long range ordering the Barrett—Joyner—Hatenda model. The BET surface area
[17,18] The XRD pattern of large meso and macropore is 520.7 i¥/g and the total pore volume is 1.388fy. It is
materials indicates only information on the intrananoparticle known that the large mesoporous and macroporous materials
mesopores due to the large dimensions of the motive and thehave lower surface area and higher pore volume than small
disordered characterization of these matefi2®. The pore mesoporous materialg7,28]

size and pore structure of AF-MCF materials depend on the  The presence of the amino-group onto the large meso-
composition of precursor and preparation conditions. The pores framework after post-synthesis functionalization of
ratio of mesitylene to surfactant{$3) has a significant effect = LMCF materials has been confirmed by FTIR spectra. After
on the pore size and size distribution in the AF-MCFs. The post-synthesis, the-@\ stretching vibration at 1180 cm
average pore size increases with increasing ratio of mesity-overlapping with StO-Si band at 1054 cm" and the sym-
lene (TMB) to surfactant (B3). The appropriate weight —metrical -NH3* bending band at 1505cmh can be ob-
ratio of mesilylene to B3in 4:1 was used to obtain the range served fromFig. 4 and the weak symmetricalNH3z* vi-

of pore size from 17 to 34 nm in this study. Another factor bration at 1625 cm® overlapped with EC band[11,29,30]

that influences the pore size and pore structure is the agingThese amine function groups do not exhibit by MCFs ma-
time and aging temperature. The average pore size increaseterials prepared by TEOS alone as showrFig. 4a. This

and the pore size distribution narrows with increasing aging is evidence that the amino functional groups can bond
time at 100-110C. The experimental results indicate that to the interior mesoporous surfaces by this preparation
the acid preparation condition allows slow and moderate method. The NH absorption bands overlap with-® bands
condensation of the TEOS, and the rates of condensationat 3300-3500cm! [5,11]. The strong StO-Si band at

of TEOS can be controlled in microemulsion templating. 1054 cnt® and three weak bands at 940, 794 and 444%tm

A representative nitrogen adsorption—desorption isotherm belonged to the silica framework vibration bands consistent
of the amino-functionalized MFC materials is presented with a previous reporfl1,31] There were a small observ-

in Fig. 3 The isotherm is a type IV curve of mesoporous able line in G-H vibrations at 2880 cmt, but no peaks in the
materials. A steep hysteretic loop is observed from this C—-O—C vibrations at 1375 and 1456 cth The density of
curve, which is typical for mesoporous materials that exhibit amino-functionalized groups on the pore surfaces of MCFs
capillary condensation and evaporati@4,25] The sharp was controlled by the molar ratio of ATES to TEOS from 0
rise in the nitrogen adsorption—desorption isotherms at highto 2.5 in the initial precursor of post-synthesis procedure. It
relative pressuresP(Py near 1) indicates the existence of can be seen frorfig. 4 that the symmetrical bending band
large mesopores and macropores in these mat¢tia/26] at 1505 and 1625 cmt corresponding to theNHs* group
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Fig. 4. FTIR spectra of the amino-functionalized mesostructured cellular foam (AF-MCF) materials prepared by microemulsion templatingreiith diffe
molar ratio of TOES: ATES in the initial precursors. (a) 0, (b) 1:0.25, (c) 1:0.5, (d) 1:1 and (e) 1:2.

increases with the molar ratio of ATES to TEOS in the initial bilized for GOx here is 210 mg/g AF-MCF (6.36n0l/g),
precursor of post-synthesis procedure. which is much less than loading of amino groups on AF-
MCF materials (2.9610° umol/g). The result indicated that
some of amino groups inside pores are not accessed by Gox.
We attribute this to the presence of space obstacle. The fact
that the total number of amino groups on support is much
higher than the number of enzyme immobilized gives us a
considerable implication. The enzyme molecules can cova-
lently couple to the surface of AF-MCF materials by reacting
with amino groups because of the amino groups on AF-MCF
materials worked as adsorption sites. After enzyme adsorp-
tion, the pore volume of AF-MCF materials decreased from
1.38to 1.32 cri/g and the decrease value was about the same
volume of enzyme adsorption. It is evidence that the protein
molecules can enter mesoporous channels not on the external
surface. These results demonstrate the advantage of AF-MCF
materials prepared by this method and their potential for the
biotechnological application as supports.

3.1. Enzyme immobilization

The immobilization of glucose oxidase with a molecular
weights 33,000D onto AF-MCF materials was performed in
order to evaluate the adsorption ability of prepared amino-
functionalized mesostructured cellular foam (AF-MCF) ma-
terials.Fig. 5 shows the amount of GOx immobilized onto
AF-MCF materials as a function of the density of amino-
functionalized groups on the pore surfaces of MCFs. When
the molar ratio of ATES to TEOS was below 0.5, the amounts
of enzyme immobilized on AF-MCF materials increase with
the increase of the density of amino-functionalized groups on
the pore surfaces of MCFs. This phenomenon indicated that
the amino groups worked as an active site for enzyme immo-
bilization at low molar ratio of ATES to TEOS. For the molar
ratio of ATES to TEOS above 0.5, the adsorption of glucose
oxidase remained about equal amounts until 1.25, beyond3.2. Thermal stability and catalytic activity of
which the adsorption amount decreases with the increase oimmobilized enzymes
the molar ratio of ATES to TEOS. The present of adsorption
plateau can be assigned to limited accessibility of the amino  In order to investigate the thermal stability of GOx immo-
groups in the interior of the walls, which depends on pore bilized on LMCF materials, the residual activities of immo-
volume of AF-MCF materials. We believe that high amino bilized enzyme and free enzyme after thermal treatment were
concentration will result in a block of mesoporous channel measured and compareeg. 6 shows the residual activity
by siloxane groups at post-synthesis procedure. Therefore,of GOx immobilized on LMCF materials and free GOx, ex-
the loading of high amino groups on adsorbent causes thepressed as products of gluconic acid per mg of immobilized
decrease of immobilized amounts for enzymes because ofenzyme, when the two type enzymes were heatedat5Al-
some block of mesoporous channel. The optimum molar ratio though the free enzyme shows the higher activity than that of
of ATES to TEOS is 1:0.25. The maximum amount immo- immobilized enzyme at the initial stage of thermal treatment,
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Fig. 5. The amount of enzyme adsorption onto AF-MCF materials as a function of the density of amino-functionalized groups on the pore surfaces of MCF

materials.

the activity of the free enzyme decreases quickly with the treatment, the activity ofimmobilized enzyme is higher than
increase of thermal treatment time, while the activity of im- that of free enzyme. After 60 min, the free enzyme is almost
mobilized enzyme maintains the relative stable. At 30th min complete inactivity while immobilized enzyme retained 42%
of thermal treatment, the activity of immobilized enzyme be- of its original activity (15 min). The activity of immobilized
comes the same as that of free enzyme. After 30 min thermalenzyme is still 24% of its original activity after 90 min ther-
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Fig. 6. The thermal stability of GOx immobilized on LMCF materials and free GOx, expressed as a function of the time, when the two type enzymes were
heated at 55C at phosphate buffer (pH 5.6), (a) free enzyme, (b) GOx immobilized on LMCF materials.
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Fig. 7. The catalytic activity vs. temperature on free enzyme and immobilized enzyme at phosphate buffer (pH 5.6) after a 60 min reaction, (a)dree enzy
and (b) GOx immobilized on LMCF materials.

mal treatment. Since mesoporous pores of supports can keepf glucose were determined at different temperature rang-
enzyme from injuring due to direct exposure environmen- ing from 30 to 70°C. Fig. 7showed the activity—temperature
tal change, an immobilized enzyme showed higher thermal curves obtained after 1 h of continuous enzyme catalytic re-
stability than that of free enzyme. The activities of GOx im- action. The plot irFig. 7a shows that the free enzymes have
mobilized on LMCF materials and free GOx for oxidation higher catalytic activity at lower temperature, but its activ-
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Fig. 8. The catalytic activity of GOx immobilized on LMCF materials vs. the number of recycles use.
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