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Investigation of the catalytic activity and stability of enzymes in confined nano/microspace provides
valuable contributions to the fundamental understanding of biological reactions taking place on a
mesoscopic scale within confined spaces. In this paper, macroporous silica foam (MSF) is used as a
nanoreactor to co-confine glucose oxidase (GOD) and horseradish peroxidase (HRP). Then, the
enzymatic cascade reactions, which act in tandem inside nanoreactors, for oxidation of glucose and
3,3',5,5-tetramethylbenzidine (TMB) were studied. The catalytic kinetic parameters of apparent
Michaelis constant (KiPP) and maximum rate (Vp,.x) Were obtained from Lineweaver-Burk plot by
UV-vis spectrometry. Results showed that the catalytic activity of the co-confined enzymes is reduced
compared to that of free enzymes in solution at room temperature. The stabilities of co-confined
enzymes in denaturing agents, such as guanidinium chloride (GdmCl) and urea, were higher than those
of free enzymes in solution. When employing a co-confined bienzyme system as a biosensor for the
detection of glucose, a wider linear range of glucose was obtained for the co-confined bienzyme system
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than for free enzymes in solution.

Introduction

Recently, three-dimensional porous materials with highly
ordered porous structure, large surface area, and tight pore size
distributions have been widely used as nano/microreactors for
confinement of biomolecules and applied in biotechnology
including protein adsorption and immobilization,"? dug
delivery,* biosensing,>¢ and proteolysis.”® Especially, the silica-
based porous materials have received promising attention due to
their ordered structure, uniform pore size, and friendly envi-
ronment for proteins.® The ease of modification of the inside pore
walls provide silica-based porous materials which confine
biomolecules by new routes. The inside walls of silica-based
porous materials can be modified with functional groups, -CHO,
for instance, for covalent immobilization of proteins;'® or with
metal oxides by using simple impregnation and calcination
processes, changing the surface charge of inside walls, for
adsorption and immobilization of proteins by electrostatic
interactions.”1112

Macroporous silica foam (MSF), synthesized from a block-
copolymer vesicle templating method, has been applied in
protein immobilization and adsorption,® and protein proteolysis
for proteomics.”® The immobilization capacities of MSF and
other mesoporous materials (mesocellular foams, and rodlike
SBA-15) were studied using bovine serum albumin (BSA, M = 67
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kDa) as the guest molecules. The equilibrium adsorption amount
of BSA for MSF, mesocellular foams, and rod-like SBA-15 was
251, 134, and 104 mg g~', respectively. MSF showed superior
bioimmobilization capacity over other porous materials for
biomolecules with large molecular weight, suggesting that MSF
with high pore volumes and large pore sizes are much better
candidates for the immobilization of large biomolecules.! Surface
modification of MSF has been used as multi-functional nano-
reators.”® Typically, there are three functions for surface modi-
fied MSF: firstly, the macropores are applied as nanoreactors for
enzymatic reactions; secondly, the nanoreactors accelerate
protein digestion by quick enrichment of enzymes and proteins in
the macropores without increasing the enzyme/protein concen-
tration or using a preimmobilization process; lastly, the nano-
reactors could in situ isolate specific products of the enzymatic
reaction and release the nonspecific peptides to the solution due
to the chemo-affinity between chemical modified groups of MSF
surface and specific groups of the detecting proteins.

As many natural biological reactions, such as enzymatic
reactions, take place on a mesoscopic scale in confined space,
interest in understanding the catalytic activity and stability of
proteins or enzymes confined in nano/microreactors has risen.
Studies on pH for enzyme immobilization in mesoporous silica
pores show a large influence on both the maximum adsorbed
amount'*'* and activity of enzymes.’* Pore size of mesoporous
silica is a key factor that affects the activity of the enzyme
confined in the mesopores.'*!s Takahashi ef al. discovered that
immobilized HRP on FSM-16 and MCM-41 with pore diameter

This journal is © The Royal Society of Chemistry 2012

Analyst, 2012, 137, 5785-5791 | 5785


http://dx.doi.org/10.1039/c2an36237f
http://dx.doi.org/10.1039/c2an36237f
http://dx.doi.org/10.1039/c2an36237f
http://dx.doi.org/10.1039/c2an36237f
http://dx.doi.org/10.1039/c2an36237f
http://dx.doi.org/10.1039/c2an36237f
http://pubs.rsc.org/en/journals/journal/AN
http://pubs.rsc.org/en/journals/journal/AN?issueid=AN137024

Published on 01 October 2012. Downloaded by State University of New Y ork at Stony Brook on 24/10/2014 02:18:28.

View Article Online

50 A that matched the molecular diameters of the enzyme
showed the highest enzymatic activity in an organic toluene and
better thermal stability than other mesoporous silica materials
with large or small pore size.'

Conformational stability of protein investigation is normally
applied with denaturing agents guanidinium chloride (GdmCl)
and urea, which has been extended to proteins/enzymes confined
in mesoporous silica materials.>!*'” When confining hemoglobin
in mesoporous silica (FSM: folded-sheet mesoporous material)
with pore diameter of 7.5 nm, the resistance towards GdmCl was
much better than the free enzyme in solution due to protein
inflexibility in the mesopores.'” Lei et al.'® concluded that it was
the synergetic effects of functionalized mesoporous silica and
urea that promoted favorable protein conformational changes,
and thus enhanced specific activity of glucose isomerase
entrapped in FMS in the presence of denaturing agent urea. The
activity of entrapped enzyme remained high in presence of 8.0 M
urea, while that of free enzymes in solution was totally lost.

In the present work, MSF was skillfully synthesized and
utilized as nanoreactors for co-confining glucose oxidase (GOD)
and horseradish peroxidase (HRP). The enzyme cascade reaction
occurring inside the nanoreactors was investigated in detail by
using glucose and 3,3,5,5-tetramethylbenzidine (TMB) as
substrates. It was demonstrated that the catalytic activity of co-
confined enzymes was reduced compared free enzymes in solu-
tion, while good stability of the co-confined enzymes was
achieved.

Experimental
Chemicals and instrumentation

Tetramethyl orthosilicate (TMOS), glucose oxidase (GOD, EC
1.1.3.4, from Aspergillus niger, 181.3 kU g~"), and poly-
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(EO»9PO70EOyy, M, = 5800, denoted P123, product of Ger-
many) were purchased from Sigma-Aldrich Chemical Co.
3,3,5,5-Tetramethylbenzidine (TMB), guanidinium chloride
(GdmCl) and horseradish peroxidase (HRP, EC 1.11.1.7, RZ =
3.0, 250 U mg ') were obtained from Nanjing Sunshine
Biotechnology Co., Ltd. (Jiangsu, China). Anhydrous sodium
sulfate (Na,SO,), acetic acid (HAc), sodium acetate anhydrous
(NaAc) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All other chemicals were of analytical
grade and used without further purification. Phosphate buffer
solution (PBS) was prepared by mixing NaH,PO, and
Na,HPO,. Twice-distilled water was used throughout the study.
Transmission electron microscope (TEM) images were
obtained using a Tecnai G2 instrument operated at 200 kV (FEL,
Netherlands). Before the measurements, 10 pL of samples
dispersed in water was dropped onto copper grids and dried in
vacuum overnight. A field emission scanning electron micro-
scope (SEM, ULTRA PLUS, ZEISS, Germany) at an accelera-
tion voltage of 5 kV was used to obtain SEM images of MSF.
10 pL of samples well dispersed in water were dropped onto clean
silicon slices and dried in vacuum overnight prior to the
measurements being taken. The intensity of enzymatic cascade
reaction with color change was measured on a UV-1102 UV-vis
spectrophotometer (Techcomp, Shanghai, China).

Synthesis of MSF

MSF was synthesized according to the procedures reported by
Yu’s group with a little modification.'® Typically, 0.5 g of P123
was dissolved in 15 mL 0.02 M pH 5.0 NaAc-HAc buffer solu-
tion to form a homogenous solution under stirring. 0.78 g of
tetramethyl orthosilicate (TMOS) was added to this solution and
stirred for 5 min. The resulting mixture was kept under static
conditions for 24 h at 35 °C and hydrothermally treated at 100 °C
for another 24 h. The precipitate was filtered, washed with water,
and dried in air. The final product was obtained by calcination
at 550 °C for 5 h.

Adsorption of GOD and HRP in MSF

The mixture solution of GOD and HRP (500 pL) was added to 5
mg MSF placed in a centrifuge tube. The mixture was gently
stirred at 4 °C for 48 h. The solution was then centrifuged and
washed several times with phosphate buffer until no free enzyme
in the supernatant could be detected. The adsorption amount of
GOD and HRP into the macropores was calculated by sub-
tracting the unadsorbed enzymes from the total amount of
enzymes monitored by UV-vis spectra. The materials GOD +
HRP/MSF were stored at 4 °C.

Assays of enzyme activity

The catalytic kinetic assays using UV-vis spectra methods were
carried out at room temperature in 2 mL PBS (0.1 M, pH 5.5).
For the kinetic assay of TMB, 50 pL glucose (0.1 M), and 2 uL
mixture of GOD and HRP (0.930 mg mL ™! and 0.883 mg mL ™!
in free buffer solution respectively) or GOD + HRP/MSF
suspension (absorbed in 0.1 M PBS pH 5.5) were added to a 2 mL
reaction buffer with varying concentrations of TMB. For the
kinetic assay of glucose, 20 uL TMB (5 x 1073 M), and 2 uL
mixture of GOD and HRP (0.930 mg mL ! and 0.883 mg mL ™'
in a enzyme free buffer solution respectively) or GOD + HRP/
MSF suspension (absorbed in 0.1 M PBS pH 5.5) were added to a
2 mL reaction buffer with varied concentrations of glucose. After
the substrates were quickly mixed, the catalytic reaction was
allowed for 30 min. All reactions were monitored by using a
kinetic mode at 650 nm and the rates of the reactions were
evaluated from the initial slopes of the time-dependent absor-
bance curves.

Stability in the presence of denaturing agents

180 pL of denaturing agents (0-5 M urea or 0-5 M GdmCl) was
mixed with free GOD and HRP in buffer solution (20 pL, protein
concentration: 0.930 mg mL~' GOD; 0.883 mg mL~' HRP) or
the GOD + HRP/MSF (20 pL; absorbed in 0.1 M PBS pH 5.5)
for 24 h at room temperature. Next, the samples (5 pL) were
added to 2 mL PBS (0.1 M pH 5.5) containing 5 x 10> M TMB
and 2.5 mM glucose. After the substrates were mixed, the cata-
lytic reaction was allowed to stand for 1 min, and the absorbance
was measured at 650 nm on UV-1102 UV-vis spectrophotometer.

GOD + HRP/MSF for the detection of glucose

Glucose detection using colorimetric methods was carried out
with TMB as the chromogenic substrate. 5 uLL mixture of GOD
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and HRP (9.30 pg mL~! and 8.83 pg mL~! in enzyme free buffer
solution, respectively) or GOD + HRP/MSF suspension
(absorbed in 0.1 M PBS pH 5.5 diluted 100 times) were added to
a 2 mL reaction buffer (pH 5.5) with varied concentrations of
glucose. The mixture was allowed to stand for 1 min, and the
absorbance was recorded at 650 nm on UV-1102 UV-vis
spectrophotometer.

Results and discussion
MSF characterization

Normally, the unilamellar silica vesicles can be synthesized with
cationic surfactants by utilizing either an equilibrium vesicle
templating'® or a cooperative vesicle templating process.** In our
case, the triblock copolymer P123 was employed to form sili-
ceous multilamellar vesicles through a cooperative vesicle tem-
plating process.*®?! Fig. 1 was typical TEM and SEM images of
MSF and hexagonally macropores could be clearly observed.
The images showed the macroporous structures were about
100 nm in pore diameter, and the wall thickness was estimated to
be 5 nm. The results obtained from TEM and SEM images were
in good agreement with those from the literature.”®

Enzyme immobilization and catalytic activity of the co-confined
enzymes

GOD and HRP were simultaneously confined into the macro-
pores of MSF by physical adsorption (Scheme 1A). The amount
of enzymes adsorbed in MSF with different conditions are listed
in Table 1. The amount of enzymes increased greatly with the
increasing bulk concentration of enzymes from 1 to 5 mg mL ™",
and tended to increase slightly from 5 mg mL ™' to 8 mg mL ™! in
pH 7.0 PBS. Therefore, the initial enzyme concentration for
MSF adsorption was chosen to be 5 mg mL~'. The amounts of
enzymes adsorbed in MSF depended on the pH value in the
GOD + HRP mixture solution. As we know that the isoelectric
points of MSF, GOD, and HRP are about 2-4,'32* 3.8-4,5 22
and 8.9, respectively. Therefore, MSF exhibited a negative-
charged surface at high pH solution, larger than pH 5.0, while
GOD and HRP displayed different surface charge at around
neutral solution. On the other hand, adsorption of enzymes is
affected by two factors: one is electrostatic interactions between
MSF and enzymes; the other is lateral interaction between
enzyme molecules. Research has showed that the maximum
adsorbed amount of enzymes will be achieved when pH is close
to the isoelectric point of the protein.>!3*?” Table 1 shows the
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Fig. 1 TEM (A) and SEM (B) images of MSF.

A
B glucose + O, _GOD_  gluconolactone + H,0, Q)
CH; CH;
2H,0, + 2NH2NH2 __HRP _
CH; CH,
CH, CH; CH, CH,
NH2N=NNH2 + 4H,0 ()
CHJ CH; CH{ CH;,

Scheme 1 (A) Schematic representation of enzymatic cascade reactions
inside macropores of MSF. (B) Chemical reactions of the enzymatic
cascade reactions.

amount of enzymes adsorbed in PBS at different pH. The
amount of GOD absorbed decreased from pH 5.5 to 8.0, while
the amount of HRP increased with increasing pH. The maximum
adsorption of GOD and HRP occurred near the isoelectric point
of proteins, which was in agreement with the literature.>*3-2527

The catalytic activity of immobilized enzymes was investigated
by UV-vis spectra using TMB as the colorimetric substrate.?*°
In the presence of glucose and TMB, a cascade reaction catalyzed
by GOD and HRP took place and is shown in Scheme 1B. The
cascade reaction started with the oxidation of glucose catalyzed
at ambient atmospheres and resulted the generation of
H,0,-H,0, product generated in the first step of the cascade
reaction, oxidization of TMB with the catalysis of HRP into
tetrazo compound, causimg a color change in the reaction buffer
from clear to blue. This may be recorded on a UV-vis spectro-
photometer for evaluation of enzyme catalytic activity.

The absorbance-time relations for enzymatic cascade reactions
of oxidation glucose and TMB were carried out to first estimate
enzyme activity (Fig. 2A). It is obvious that the reaction rates of
the co-confined enzymes are much slower than those of enzymes
in solution, while the initial rate of reactions is speeded up with

Table 1 Adsorption amounts of GOD and HRP into macropores under
different conditions

¢gop and cprp In Adsorption amount
pH solution (mg mL™") GOD adsorption (mg) of HRP (mg)

7.0 1 0.115 £ 0.007 0.273 £ 0.0011
70 3 0.485 + 0.014 0.760 £ 0.0160
70 5 0.806 + 0.012 1.174 £ 0.012
70 8 0.819 £ 0.011 1.191 £ 0.016
55 5 0.930 £ 0.009 0.883 £ 0.011
63 5 0.873 £ 0.015 1.116 £+ 0.009
80 5 0.560 £ 0.020 1.291 £ 0.012
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Fig. 2 (A) Time-dependent formation of tetrazo compound at room
temperature in presence of GOD, HRP, and glucose using TMB as
chromogenic substrate. Reaction conditions: 0.1 M PBS (pH 7.0); glucose
concentration: 2.5 x 107> M; TMB concentration: 5 x 10~ M. Note: the
concentrations of GOD were the same throughout the experiments, while
the concentrations of HRP were varied. (B) Time-dependent formation
of tetrazo compound at room temperature catalyzed by GOD and HRP
adsorbed into macropores of MSF in various pH. Reaction conditions:
glucose concentration: 2.5 x 1073 M; TMB concentration: 5 x 107> M.
pH values of adsorbing buffer and detecting buffer were the same.

increasing amount absorbed in MSF. It was noted that only a
slight increase of the initial rate occurred while changing the
initial enzyme concentration from 5 to 8 mg mL ™", which showed
the same trend as the adsorbed amount of enzymes in MSF. The
pH value of reaction buffer had a strong influence on enzyme
activity. For example, the pH value for maximum GOD activity
and stability is 5.0-6.0, and the activity and stability of GOD will
be sharply reduced when pH value is higher than 7.0.3%3' When
adsorption of enzymes occurred in PBS at pH 5.5 and was
detected in the same buffer, the enzymatic cascade reaction
showed that the highest initial reaction rate (Fig. 2B). The
bienzyme system co-confined in MSF absorbed in pH 5.5 PBS
was used for the kinetic parameters calculating, stability evalu-
ating, and glucose detecting.

In most cascade reactions, such as 6-phosphogluconate
dehydrogenase and gluconate kinase in glucose oxidase/gluco-
nate kinase/6-phosphogluconate dehydrogenase tandem,** and
lactoperoxidase in  superoxide dismutase/actoperoxidase
tandem,® the Michaelis constant KPP and the maximum rate
constant V.« were determined from Lineweaver-Burk or
directly from Michaelis—Menten plots for evaluation of the
enzyme catalytic kinetics. Herein, the Lineweaver—Burk
approach was used to find the kinetic parameters for the cascade
reaction of free enzymes and those inside macropores of MSF
(Fig. 3, Table 2). The apparent KiPP and the apparent V..
values were calculated by using TMB and glucose as substrates,
respectively. Table 2 summarizes the catalytic constants obtained

4 A Co-confined
s 3
? 4
= 2 :
- 1 Fre
. .’_',’P_*/g_.
0 5 .10 15
1/[S] (x10™)
1.01B
Co-confined
o
0.5
>
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Fig. 3 (A) The Lineweaver—Burk plots for the GOD + HRP/MSF with
TMB as a substrate. The concentration of glucose was 2.5 x 107 M. (B)
The Lineweaver—Burk plots for the GOD + HRP/MSF with glucose as a
substrate. The concentration of TMB was 5 x 107> M.

from Lineweaver-Burk plots. The results showed that KPP of
free enzymes were lower than that of co-confined, while V.«
were higher than the latter, suggesting that the catalytic activity
of co-confined enzymes was lower than that of free enzymes in
bulk solution.

Several factors may count for the reduced catalytic activity
and lower Vp,.x of immobilized enzymes. The folding state of
enzymes in confined space may differ from that of free enzymes
in solution, which might be the responsible for lower catalytic
activity. When confining HRP and GOD in macropores of MSF
separately, the catalytic activity of single-confined HRP reduced
much more significantly than the single-confined GOD
compared to free HRP or GOD in solution (Fig. 4). Previous
studies demonstrated that the strong electrostatic interactions
between positively charged protein and negatively charged silica
gel might induce part protein unfolding or disrupt the geometry
of the entrance to the active site, which would result in a decrease
in activities of the positively charged enzymes when confined in
silica materials.?***** It was revealed that van der Waals forces in
confined nanospaces might also contribute to protein structure
rearrangement.®® In this case, when positively charged HRP was
confined in MSF, strong electrostatic interactions occurred
between HRP molecules and the walls of MSF, so changing the
conformation of HRP and leading to a sharp reduction in HRP

Table 2 Comparison of apparent catalytic constants of free and
immobilized enzymes at room temperature

Substrate  Enzyme status K, (M) Vimax (M s71)

TMB Free (5.64£0.19) x 10°°  125x107*
Co-confined (2.68 £0.13) x 107> 1.08 x 107

Glucose Free (2.61 £024)x 107* 109 x 1073
Co-confined (1.92+£0.19) x 1072 8.68 x 1073
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Fig. 4 (A) Time-dependent formation of tetrazo compound at room
temperature in the oxidation of TMB by H,0, catalyzed by HRP.
Reaction conditions: 0.1 M PBS (pH 7.0); H,O, concentration: 5 x 10~*
M; TMB concentration: 5 x 10> M; free HRP or confined HRP
concentration: 4.6 x 1071 M. Adsorbed amount of HRP in MSF (5 mg,
0.1 M pH 7.0 PBS) estimated to be 1.839 + 0.021 mg. (B) Time-dependent
formation of tetrazo compound at room temperature in presence of
TMB, HRP, glucose, and free GOD or confined GOD in MSF. Reaction
conditions: 0.1 M PBS (pH 7.0); TMB concentration: 5 x 107> M; glucose
concentration: 2.5 x 1073 M; free HRP concentration: 4.6 x 10711 M,
free GOD or confined GOD concentration: 1.5 x 10~® M. Adsorbed
GOD in MSF (5 mg, 0.1 M pH 7.0 PBS) was estimated to be 0.981 +
0.024 mg.

activity. Besides, part of the active sites of GOD and HRP might
be blocked due to lateral interactions between enzyme biomole-
cules, resulting in a reduction of enzymatic activity and a drop
in Vpax.

After being confined, the microlocal environment for enzymes,
such as crowding effect and surface hydration, may be the second
factor in reducing catalytic activity and lowering V...
Crowding effect®® plays an important role in affecting the activity
of enzymes and molecular diffusion rates. The effects of
macromolecular crowding on suppressing the protease open
state and reducing enzyme-ligand diffusional encounter rates
likely combine to slow in vivo enzymatic activity. The macropores
of MSF can serve as nanoreactors for GOD and HRP immobi-
lization and enzymatic reactions of glucose and TMB oxidation.
Activity of GOD and HRP in this crowded and confined envi-
ronment will be reduced and show significant differences from
that of free enzyme in dilute buffer solution. Moreover, reduced
molecular (substrate/product) diffusion rates might result in the
lower reaction rate of immobilized enzymes compared with free
enzymes. Hydrogen bond strengthening and strengthened
protein hydration are considered to be one of the causes of
retarded activity of enzyme. It is generally believed that close
proximity silanol groups at the silica surface influence the protein
structure indirectly through changes in the hydrogen bonding
properties of water, which may lead to increased hydration

strength of the embedded protein.* As silanol groups exist at the
MSF surface, hydrogen bonding may be strengthened, and thus
the hydration of the co-confined enzymes in MSF strengthened
as a result.

Stability in the presence of denaturing agents

Guanidine hydrochloride and urea are the most common
chemical denaturants used for protein denaturation.'®*" The
stability of the immobilized enzymes against GdmCl and urea
was investigated (Fig. 5). Immobilized enzymes retain a higher
activity than free enzymes in aqueous solution after denaturing
with GdmCI (Fig. 5A). Significant activity decrease is noted at 1
M GdmCl, followed by increased activity when GdmCl
concentration increased from 1 M to 2 M. Further a strong
decrease of enzyme activity is noted as the concentration of
GdmClis above 3 M. The reason for higher activity in 2 and 3 M
GdmCl than in 1 M GdmCI may be due to a loosening up of the
enzymes compact structure by GdmCl, resulting in increasing
conformational flexibility especially at or near active sites.**?
In contrast, immobilized enzymes denatured with urea showed
much higher activity than free enzymes in aqueous solution
(Fig. 5B). The activity of the immobilized enzymes dropped from
100% to 96% when the concentration of urea increased from 0 to
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Fig.5 Comparison of retained activity of free and immobilized enzymes
after incubation with GdmCl (A) and urea (B); (C) the absolute difference
of retained activity between immobilized and free enzymes denatured
with GdmCl and urea.
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2 M, ie., no significant change in enzymatic activity of the
immobilized enzymes was observed up to 2 M urea. A sharp
decrease in enzymatic activity was exhibited when the concen-
tration of urea was between 2 and 5 M, especially in 4 M urea.
However, the immobilized enzyme retained 50% activity in 5 M
urea, whereas the activity of the free enzymes dropped to 14%.

The absolute difference of retained activity between immobi-
lized and free enzymes denatured with urea was higher than that
of those denatured with GdmCl (Fig. 5C). The precise dena-
turing mechanisms at the molecule level of GdAmCI and urea are
still unclear. Two models have been proposed for denaturant-
dependent protein unfolding mechanisms: one is based on direct
interaction between the denaturing agent and the protein, and
the other is based on modification of the hydrogen-bonded
structure of water and a consequent weakening of hydrophobic
interactions.>*® Urea was found to interact directly with protein
by pulling away water surrounding the protein, and result in
perturbation of the structure of water simultaneously.*® Conse-
quently, protein unfolding took place because of both the direct
interaction between urea and the protein and the variation of the
structure of the solvent. GdmCI, on the other hand, acted directly
on the protein without changing the static properties of the
solvent around the proteins.*® In the urea denaturing system,
urea in the confined pore space cannot easily remove water near
the pore wall. The motion of enzymes confined in MSF is
therefore restrained. As a consequence, the retained activity of
immobilized enzymes after urea denaturing is not as strongly
affected as that of free enzymes in solution, and the relative
difference of retained catalytic activity between immobilized and
free enzymes is notable. In contrast, GAmCIl acted directly on the
protein without perturbation of the water structure. Combining
the protein unfolding process mechanism in GdmCl with the
interaction between enzymes and MSF walls, the relative
difference of retained catalytic activity between immobilized and
free enzymes is indistinct.

GOD + HRP/MSF for the detection of glucose

The bienzyme system was finally employed as a biosensor for the
detection of glucose. A comparison between immobilized
enzymes in MSF and free enzymes in solution is drawn by using
colorimetric methods. Absorbance at 650 nm increased with
glucose for both immobilized and free enzymes in solution under
identical reaction conditions (Fig. 6). Absorbance increased with
increasing glucose concentration until the highest absorbance for
the enzymatic cascade reaction was reached for immobilized and
free bienzyme system. Although the absorbance for the immo-
bilized bienzyme system was lower than that of the free enzyme in
solution at certain glucose concentrations, the immobilized
bienzyme system showed a wide linear range towards glucose.
Absorbance to glucose concentration for the immobilized
bienzyme system showed a linear range from 5.0 x 107> to 1.0 x
1072 M with a correlation coefficient of 0.986, while for the free
enzyme in solution it ranged from 5.0 x 107> to 1.0 x 107> M
with a correlation coefficient of 0.991. The broader linear range
for glucose of the co-confined bienzyme system might be a result
of the enzymes’ reduced activity in the confined nanospace and
lower reaction rate of the cascade reaction catalyzed by the co-
confined enzymes. The result obtained for the co-confined

064 Free Co-confined
4 ="
e 1 ° -
< °
| |
Lro) 0.4 1 0.6 Free
© € P
~ P |
1 * 20.41 )
g ¢ 5 3 :
@ 0.2- " g .
_g . .l _(.EO 2 .
| u 3 .
2 on £0.0;
< 7 0.0000 0.0005 0.0010 0.0015
0.0 A
lucose
I ¥ I ® 1 " : Ll " L]
0.000 0.005 0.010 0.015 0.020
C /M
glucose

Fig. 6 Relationship between absorbance and glucose concentration.
Inset: relationship between absorbance and glucose concentration in
presence of free GOD and HRP. Concentration of TMB is 5 x 107> M.

bienzyme system as biosensor for detection of glucose is better
than that for co-immobilized GOD and HRP in glass tubes,
where the glucose concentration is linear in the range from
110 uM to 580 uM.*

Conclusions

We have employed macropores of MSF as nanoreactors for both
co-confining GOD and HRP, and enzymatic cascade reaction for
oxidation of glucose and TMB, which act in tandem inside
nanoreactors. The comparison of catalytic activity between the
immobilized enzymes and free enzymes in solution was investi-
gated using UV-vis spectra. The catalytic activity of the immo-
bilized enzymes at room temperature was lower than that of the
free enzymes. The factors impacting on low catalytic activity of
the immobilized enzymes are complicated. We assume that the
differences, such as the folding state of enzymes and microlocal
environment for enzymes, between immobilized enzymes and
free enzymes in solution may be causes by different catalytic
activity. Although the immobilized enzymes exhibit lower cata-
lytic activity for oxidation of glucose and TMB, the use of the
immobilized enzymes as a biosensor for detecting glucose
showed a wider linear range than the free enzymes in solution.
Stabilities towards the denaturing agents GdmCl and urea were
also studied. The resistance of immobilized enzymes to GdmCl
and urea was stronger than that of free enzymes in solution. The
different mechanisms of protein folding processes in GAmCl and
urea along with consequences of the interaction between enzymes
and MSF walls may be responsible for the absolute differences
between the immobilized enzymes and free enzymes in solution
with GdmCI and urea as the denaturing agents.
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