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Hierarchically Nanoporous Bioactive Glasses for High
Efficiency Immobilization of Enzymes

Wen He, Dandan Min, Xudong Zhang,* Yang Zhang, Zhiying Bi, and Yuanzheng Yue*

Bioactive glasses with hierarchical nanoporosity and structures have been
heavily involved in immobilization of enzymes. Because of meticulous design
and ingenious hierarchical nanostructuration of porosities from yeast cell
biotemplates, hierarchically nanostructured porous bioactive glasses can
provide a simple, cost-effective way to enhance catalytic activity of directly
immobilized enzyme. Its unique chemical surface properties and hierarchical
meso/macroporous structures lead to highly efficient catalytic performances
of the directly immobilized enzymes. The enzyme molecules were spontane-
ously entrapped into the highly curved macropores (200-500 nm) via multi-
point metal ion binding in electrical double layers. Hence, the enzyme activity
and enzyme loading were enhanced, the cost of enzyme use was reduced,
showing higher thermal and storage stabilities than free enzyme. The reactant
and products of catalytic reactions can freely diffuse through open mesopores
(2—40 nm). The formation mechanism of hierarchically structured porous
bioactive glasses, the immobilization mechanism of enzyme and the catalysis
mechanism of immobilized enzyme are then discussed. The novel nanostruc-
ture with advanced properties is expected to be utilized as a solid support for
any enzyme for bioconversion, bioremediation, biosensors and drugs.

1. Introduction

Improvements of biocatalytic efficiency and enzyme stability
for preparing biochemical products, biosensors and drugs can
be achieved by manipulating the structure of carrier mate-
rials.2 Mesoporous (2-50 nm) inorganic materials can sustain
high enzyme loading, reduce the required amount of enzymes,
prolong the lifetime of enzyme reactors and increase the poten-
tial for enzyme reuse, but suffer a serious diffusional problem
for the catalytic reactions of enzymes. Particularly the poor
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biocompatibility of these materials is a big
hurdle for directly immobilizing enzymes.
The surface of these materials needs intri-
cate modification.’] Recently, the sol-gel
derived mesoporous silica has begun to
attract attention for enzyme immobiliza-
tion and drug delivery*® The enzyme
confinements in the nanochannels gen-
erate synergistic effects that enhance
enzyme stability, facilitate separation and
reuse of enzymes. However, owing to
the small pore size and non-open-pore
structure of the mesoporous inorganic
materials, the enzymes in these materials
exhibit lower specific activity than the free
enzymes in solution.”l Mesoporous bio-
active glasses obtained by sol-gel process
have attracted much attention because of
their high bioactivity, biocompatibility,
porosity, chemical homogeneity and appli-
cations in tissue repair and replacement
and drug carriers.®”) However, the great
potential of bioactive glasses for enzyme
entrapment has not yet been realized.

Glucose oxidase (GOD), amylase and catalase are the pro-
tein catalysts with high efficiency and specificity for food
industry,'” medicine and clinical applications.'!l Recently,
some researchers have studied immobilization of various
enzymes on different solid supports in order to enhance its
catalytic activity, reusability, operational stability, and ability to
withstand extreme conditions.l'>'¥ Divalent metal ions (such
as Zn**, Ca?* and Mg?*) play a critical role in catalysis by many
RNA and protein enzymes. They can serve as electron donors
or acceptors, Lewis acids or structural regulators that partici-
pate directly in the catalytic process."l Immobilization of glu-
cose oxidase onto zinc oxide has been investigated by many
researchers in the field of biosensors since it is a promising
support material for enzymes.['®!7! Incorporation of modifiers
such as zinc, magnesium, cerium and gallium into a series
of bioactive glass has also been conducted to improve specific
performances for tissue repair and replacement and drug car-
riers.['®19 However, to the best of our knowledge, the ZnO-con-
taining bioactive glass has not been used as enzyme supporting
material.

In nanotechnology applications, great attention has been
paid to biomaterial systems to discover new self-assembly tech-
niques. The interaction of nanoparticles with proteins, pep-
tides, and DNA has been studied for innovative and robust
nanomaterial designs.?*2!l Nanobiotechnology is one of the
most powerful routes for organizing a nanoscale system with
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the highest possible accuracy and control. Biological systems
can produce extraordinary inorganic structures and morpholo-
gies.””?’] Integrating bioactive carrier materials with enzyme
is a simple, cost-effective way to enhance catalytic activity of
directly immobilized enzyme. In this work we synthesize a
bioactive glass with hierarchical nanostructures in the system
Zn0-Ca0-Si0,-P,05 (ZCSP-BNG) via the sol-gel approach and
using yeast cells as biotemplates. We introduce a conceptually
new approach of directly immobilizing enzyme, in which Zn?*
and Ca?* ions in an electrical double layer on the macroporous
wall of ZCSP-BNG provide high affinity for enzyme molecules
and have a beneficial effect on enzyme's immobilization and
catalytic performance. This work provides insights into the for-
mation mechanism of ZCSP-BNG, the immobilization mecha-
nism of enzyme and the catalysis mechanism of immobilized
enzyme. By using the unique immobilization approach, we
attempt to reach the following goals: (1) In comparison with
those reported in literatures (Supporting Information Table S1),
high biocompatibility of ZCSP-BNG with enhancing enzyme
activity; (2) High enzyme loading (>95%), high thermal and
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storage stabilities due to the sufficiently large pore size (200
500 nm) and high negative surface curvature without leakage
problem of entrapped enzyme; (3) High biocatalytic efficiency
because of enhancing diffusion rates of reactants and products
via mesopores (2-40 nm) and lamellar structure.

2. Results and Discussion
2.1. Formation Mechanism of ZCSP-BNG

In our approach (Figure 1), to ensure the formation of color-
less and transparent sols, citric acid was added to promote and
stabilize the hydrolysis of tetraethyl orthosilicate (TEOS) and
triethyl phosphate (TEP).2%) When the precursor solutions were
mixed in certain ratio, water molecular directly attacks TEOS
and TEP in an acid medium (pH = 1), and induces the hydrol-
ysis reaction. The hydrolysis of TEOS and TEP slows down and
M(OR);0H (M is Si or P) dominates when the dosage of dis-
tilled water is not enough for the further hydrolysis of TEOS or

Sol solution C  Yeast cell templates

i

Figure 1. Schematic of synthesis of ZCSP-BNG. a) Hydrolysis and condensation of TEOS and TEP, and formation of a linear phosphor-silcate polymer
structure. b) Formation of positively charged sol solid nanoparticles and a colorless and transparent sol phase. c) Yeast cell biotemplates. d) Aggrega-
tion of sol nanoparticles on the surface of yeast cell particles and formation of three dimensional gel network structure. e) Macropores in the scaffolds
of ZCSP-BNG. f) Nanovoids between different network fragments in ZCSP-BNG. (g) SEM image of 10ZCSP-BNG(15) sample. (h) TEM image of

10ZCSP-BNG(15) sample. (i) HRTEM image of 10ZCSP-BNG(15) sample.
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TEP. Water produced from the dehydration condensation of sil-
icon and phosphorus alkoxide mixture can partially promote the
hydrolysis of TEOS and TEP.*/l Therefore, the dealcoholization
condensation dominates over the dehydration condensation.
Hydrolysis promotes the formation of Si—-O-Si, Si—-O-P, and P-
O-P linear chains, which in turn interact with each other, and
form a linear phosphor-silcate polymer structure (Figure 1a).®!
The condensation further leads to the formation of positively
charged sol solid nanoparticles (SSNPs) with a diameter of few
hundreds of nm suspended in a colorless and transparent sol
phase (Figure 1b). The yeast cell templates was employed in the
sol-gel process to induce the formation of the macropores in
ZCSP-BNG. The proteins and polysaccharides in yeast cell have
hydrophilic anion groups and negative charges (Figure 1c).[*"!
Like most natural cells, yeast cells can induce spontaneous min-
eralization on its surface, due to the relatively low charge den-
sity.?%) When the sol solution is added to the yeast cell solution,
the positively charged SSNPs can self-assemble on the surface of
yeast cells via electrostatic adsorption (Figure 1d). In the process
of gelling, as the SSNPs condense, a three dimensional gel net-
work structure froms. The yeast cells act as organic templates to
avoid the collapse of the porous gel network structure during the
drying course (60 °C). After heat treatment at 700 °C for 3 h, the
yeast cells and citric acid molecules were removed, leading to
the formation of both macropores in the scaffolds of ZCSP-BNG
(Figure 1e) and nanovoids between different network fragments
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in ZCSP-BNG (Figure 1f). The pore size of the ZCSP-BNG is a
vital parameter in the enzyme immobilization. To understand
the effect of yeast cell biotemplates on the porous structure of
synthesis materials, we characterized the structure of synthe-
sized samples using scanning electron microscope (SEM) and
high-resolution transmission electron microscopy (HRTEM).
SEM and TEM images show that the 10ZCSP-BNG(15) sample
owns the sufficiently large pore size (200-500 nm) (Figure 1g
and 1h) and negative surface curvature (Supporting Information
Table S2).2Y These macropores provide high enzyme loading
without leakage problem of entrapped enzyme. The HRTEM
image of 10ZCSP-BNG(15) sample shows amorphous phase
without lattice fringes and open connected mesoporous domains
(high brightness regions, 240 nm) (Figure 1i). Through SEM
and HRTEM results, we have verified that the formation mecha-
nism in Figure 1 is feasible for synthetizing ZCSP-BNG. This
hierarchical pore structure may facilitate the process of different
enzyme immobilization and catalyt reactions and have a wide
range of applications.

2.2. Characterizations of ZCSP-BNG

To understand the effect of zinc oxide content on glass struc-
ture, we characterized the ZCSP-BNGs using various methods
as shown in Figure 2. In Figure 2a, the XRD curve of each
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Figure 2. Structure characterizations of ZCSP-BNGs synthesized with different zinc oxide content. All samples synthesized with 10% Yeast/TEOS
weight ratio, and the samples synthesized with different zinc oxide contents (0, 5, 10 and 15 mol%) were denominated as 10ZCSP-BNG(0), 10ZCSP-
BNG(5), 10ZCSP-BNG(10) and T0ZCSP-BNG(15), respectively. a) XRD patterns of ZCSP-BNG samples synthesized with different zinc oxide contents.
Hardystonite (Ca,ZnSi,O;, PDF file 35-745) (@) and Wollastonite (CaSiO;, PDF file 42-547) (#) peaks are demarcated. b) The atomic force micros-
copy (AFM) image of layer structure in 10ZCSP-BNG(15). Scale bar, 100 nm. c) HRTEM image of mesoporous network structure and nanocrystals in
10ZCSP-BNG(15). Scale bar, 5 nm. d) FTIR spectra of ZCSP-BNG samples synthesized with different zinc oxide content. ef) N, adsorption-desorp-
tion and pore size distribution curves (inset) of ZCSP-BNGs synthesized with different zinc oxide contents. 1) T0ZCSP-BNG(0),I1) 10ZCSP-BNG(5),
111) 10ZCSP-BNG(10), IV) 10ZCSP-BNG(15).
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sample shows two broad main peaks, because of the amorphous
phase and the layered structures in the composite, and both
peak width and intensity increase with zinc oxide content. In
the 20 range of 8 to 12°, each XRD curve shows a strongest and
broad diffraction peak, which is assigned the layered structures
with different interlamellar spacings (0.55-0.37 nm) in ZCSP-
BNG. The atomic force microscopy (AFM) image of 10ZCSP-
BNG(15) further confirms its layer structure (Figure 2b). In the
20 range of 25 to 34°, each curve shows a broad bump, indi-
cating amorphous nature of the samples. However, some weak
peaks appear on the broad bump when ZnO reaches 10 mol.%,
and they become even sharper when ZnO reaches 15 mol.%,
indicating that the degree of local structural ordering can be
enhanced by increasing the ZnO content. The local ordering
and thus induced nucleation causes the contraction of local
volume and hence the voids form, which can grow into nanop-
ores with increasing the heat-treatment degree (temperature or
time).3233] This process is particularly intense when more ZnO
is introduced. At 15 mol.% ZnO, the hardystonite and wollas-
tonite nanocrystals form (Figure 2alV), indicating that the glass
forming ability of the 15 mol.% ZnO, containing glass is rela-
tively low. This can be attributed to the low network connectivity
of this glass, i.e., to the relatively high average number (1.72) of
non-bridging oxygen per Si-tetrahedron.?* The HRTEM image
of 10ZCSP-BNG(15) shows nanocrystalline phase (Figure 2c
inset) and open mesoporous domains (Figure 2c). In addi-
tion, we studied the effect of zinc oxide content on the network
connectivity of ZCSP-BNG by FT-IR spectra (Figure 2d). The
FTIR spectra show that the intensity of the absorption band
at 912 cm™ for Si-O (non-bridging oxygen) stretching vibra-
tion increases with zinc oxide content (Supporting Information
Table S3), but its peak position does not change, and a new
band at 1385 cm™ for Zn-O bond is seen. This means that the
zinc ions breaks glass network, and hence, the slit like nanop-
ores are easily generated. The adsorption-desorption isotherms
(Figure 2e) and BJH pore-size distribution curves (Figure 2e
inset) of the synthesized samples show that the H3 isotherm
caused by uneven slit shape pores is transformed into the H4
isotherm caused by uniform slit shape pores®! and the surface
area increases with the amount of ZnO (Supporting Informa-
tion Table S3). This result is consistent with the XRD and FTIR
results described above.

To determine the biocompatibility of different ZCSP-BNG
samples, L-929 fibroblasts were exposed to the leaching solu-
tion of different ZCSP-BNG samples. The relative prolifera-
tion rate values of L-929 fibroblasts assessed using MTT-based
methods at different time points of incubation are shown in
Figure 3a. It can be seen that the relative proliferation rate
values for all samples are greater than 75%, which indicates
that all ZCSP-BNG samples have no negative effect on the via-
bility proliferation of L-929 fibroblasts, and that they have good
biocompatibility.3*3”] The concentration of zinc ions released
from 10ZCSP-BNG(15) particles and 10ZCSP-BNG(15)-GOD
in HAc-NaAc buffer solution as related to the time are shown
in Figure 3b, showing some degradation of ZCSP-BNG. The
standard curve for zinc ion solution at ambient temperature
see Supporting Information Figure S1. High biocompatibility
and biodegradablity of ZCSP-BNG can enhance the enzyme
activity.
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Figure 3. Biocompatibility and tests in vitro. a) The relative proliferation
rates of L-929 fibroblasts assessed using MTT-based methods at different
time points of incubation and in the leaching solution of different sub-
strates (P>0.05). The data are presented as means +standard errors of the
means (n = 3). b) The concentration of zinc ions released from 10ZCSP-
BNG(15) particles and 10ZCSP-BNG(15)-GOD in HAc-NaAc buffer solu-
tion as related to the time. n = 5; data are meansz+s.d.

2.3. Properties and Characterizations of Immobilized Enzymes

We investigated the properties of Glucose oxidase
(GOD),amylase and catalase immobilized on different bioac-
tive glass supports. The influence of ZCSP supports synthe-
sized with different Yeast/TEOS weight ratio on GOD activity
and amount of GOD loading is summarized in Figure 4a. It
is observed that GOD immobilized onto 10ZCSP-BNG(15) has
a highest activity at 401 Ug™ (2.28 times that of 0ZCSP(0)), a
maximum load (95.2%) and an exceptionally high immobiliza-
tion efficiency of near 100% (i.e., the ratio of the specific activity
of the immobilized GOD to that of the free GOD in solution
is almost 1) because the 10ZCSP-BNG(15) sample has the
higher surface area of 198.56 m? g™! (see Supporting Informa-
tion Table S2 and Table S3). At least 82% of its initial activity
of 10ZCSP-BNG(15)-GOD was still reserved after 14 times of
reuse (Figure 4c), it reduces the cost of enzyme use (per kg
ZCSP-BNG can save 10-23 g GOD). In addition, 10ZCSP-
BNG(15)-GOD exhibits excellent operation adaptability in
the temperature range 50-80 °C than free GOD (Figure 4d).
Figure 4b shows that the activity of GOD immobilized on the
0ZCSP, 10ZCSP-BNG and 10FCSP samples increases with
increasing the ZnO and Fe,0; content, which indicates that
Zn** and Fe** ions play a critical role in the activation of GOD
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Figure 4. Properties of various enzymes directly immobilized on different supports. a) GOD activity and amount of GOD loading in ZCSPs synthesized
with differentYeast/TEOS weight ratio. b) Activity comparison of supports synthesized with different metal oxide content for GOD immobilization.
c) Relative activity of different enzymes immobilized on10ZCSP-BNG(15) as a function of reuse numbers. d) Thermal stability of free GOD and
immobilized T0ZCSP-BNG(15)-GOD at different reaction temperature, pH 6 for 12 h. e) Thermal stability of free amylase and immobilized 10ZCSP-
BNG(15)-Amylase at different reaction temperature, pH 7 for 12 h. f) Thermal stability of free catalase and immobilized 10ZCSP-BNG(15)-Catalase at
different reaction temperature, pH 6 for 12 h. g—i) Storage stability of free enzymes and various enzymes directly immobilized on 10ZCSP-BNG(15)

at at 4 °C. n = 5, data are meansx=s.d.

catalysis. When the MgO content is more than 5%, the activity
of GOD immobilized on thelOMCSP samples decrease with
increasing it, this shows that Mg?* ions inhibit the enzymic
activities. This also means that 10ZCSP-BNG(15) is an ideal
material for both high loading amount and immobilization
efficiency. In Figure 4c, the remaining activity of immobilized
amylase and catalase were about 64% and 54% after 14 cycles
of batch operations, respectively. Temperature profiles of free
and immobilized amylase and catalase are shown in Figure 4e
and f, respectively. The activity loss of immobilized amylase
and catalase also was less than the free enzyme for higher tem-
perature. 10ZCSP-BNG(15) support might have a protecting
effect at the high temperatures at which enzyme deactivation
takes place. In addition, Free and immobilized enzymes were
stored in a phosphate buffer (40 mM, pH 6.0) at 4 °C and the
activity measurements were carried out for a period of 35 days.
The free GOD lost 50% of its activity and immobilized GOD
lost 25% of its activity within 35 days (Figure 4g). Both amylase

wileyonlinelibrary.com
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and catalase immobilized on thel0ZCSP-BNG(15) also showed
higher storage stabilities than free enzymes (Figure 4h and i).
The immobilization process provided an advantage in the sta-
bility of enzyme over free enzyme activity, especially at longer
durations.

We characterized the immobilization of GOD onto ZCSP-
BNG using various methods as shown in Figure 5. Atomic
force microscopy (AFM) images clearly show that the surface
morphology (Figure 5a) of 10ZCSP-BNG(15) with layered
nanostructure appears to be completely covered by a thick
and strongly attached GOD molecular layer (Figure 5b), where
aggregates of GOD, as compared to the molecular dimen-
sions, can be seen. The charge density of metal ions would
reduce the electrostatic repulsion of GOD molecules, leading
to GOD aggregation and large surface coverage onto the sur-
face of ZCSP-BNG.B® This result shows that the aggregates
of GOD molecules are evenly distributed onto the surface of
ZCSP-BNG. N, adsorption and desorption isotherms and the

Adv. Funct. Mater. 2014, 24, 2206-2215
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Figure 5. Characterizations of GOD immobilized on 10ZCSP-BNG(15). a,b) The surface appear-
ance comparison of 10ZCSP-BNG(15) samples before (a) and after (b) GOD immobilization
treatment by AFM images. Scale bar, 200 nm. cd) The mesoporous structure comparison of
10ZCSP-BNG(15) samples before and after GOD immobilization by (c) N, adsorption-desorp-
tion and (d) pore size distribution curves. €) FTIR spectra analysis: (A) FTIR spectrum of pure
GOD; (B) FTIR spectrum of 10ZCSP-BNG(15)-GOD; (C) FTIR spectrum of 10ZCSP-BNG(15).

www.afm-journal.de

and 1,695 cm™' for Amide IV and/or Amide
V in pure GOD disappeared. This means that
the interactions between the Zn?* and Ca?*
ions on the surface of ZCSP-BNG and the
negatively charged -COO~, OH™ and -OPO;2~
groups in the amides of GOD molecules are
chemical bonds in nature, which can be iden-
tified by the wave number shift, vibration
intensity change and disappearance on some
absorption bands in the ZCSP-BNG-GOD
spectrum. These chemical bonds play an
important role in high biocatalytic efficiency
and long lifetimes of immobilized enzymes.

2.4. Immobilization and Catalysis
Mechanisms of GOD onto ZCSP-BNG

GOD is a dimeric anionic protein with the
3D structure and is covered with negatively
charged carbohydrate chains and P-O bonds.
The oxidation reaction is performed by the
active sites of flavin adenine dinucleotide
(FAD) cofactors bound deeply inside GOD.
FAD can exist in two redox states that can
be converted to each other by accepting or
donating electrons. The primary structure
of the GOD molecule is a slightly elongated
globular protein with an average diameter
of 8 nm and a partial specific volume of

pore size distribution curves were used to analyze the pore
parameter change of 10ZCSP-BNG(15) and 10ZCSP-BNG(15)-
GOD. The type and profile of its adsorption isotherm show
no changes after GOD immobilization, but the isotherm of
10ZCSP-BNG(15)-GOD has shifted to a lower relative pressure
(Figure 5c) and show the slight upward profile. Especially the
pore size distribution after GOD immobilization has narrowed
down to 2-9 nm from 8-14 nm before GOD immobilization
and the adsorbed volume of nitrogen increases (Figure 5d).
This indicates that the GOD molecules with an average diam-
eter of 8 nm can be immobilized inside the mesopores in the
range of 8-14 nm due to their strong adsorption ability to N,.
These results further verify that GOD has been immobilized
on 10ZCSP-BNG(15). The chemical bond linkages between
GOD molecules with the metal ions on the surface of ZCSP-
BNG were studied by Fourier Transformation Infrared (FT-IR)
spectra. By comparing, the following four changes are seen
from FTIR spectra in Figure 5e. First, in the FTIR spectrum of
10ZCSP-BNG (15)-GOD (Figure 5eB), the absorption band in
3,250 to 3,635 cm™ has shifted to a higher wavenumber from
pure GOD (Figure 5eA) and 10ZCSP-BNG (15) (Figure 5eC)
and produced fission. Second, the Ca-O and Zn-O vibration
peaks in 250 to 600 cm™! for the 10ZCSP-BNG(15) have shifted
to a lower wavenumber and become sharp, broad. Thirdly, the
Si-O-Si asymmetric stretching vibration was shifted to a higher
wave number. Finally, the absorption bands at 1385 cm™! for
Zn-O and C-O bond of residual carbon in 10ZCSP-BNG(15)

Adv. Funct. Mater. 2014, 24, 22062215
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0.75 ml g7}, which is high soluble in water.[*"!
Zn?* and Ca®* are easily electrostatically bond
to negatively charged species. As a Lewis acid and a redox centre
they can balance the negative charges of the enzyme and hence
activate substrates. The enzymic catalytic reaction is accom-
plished primarily by coordination of the enzymic molecule
to a metal ion that is bound in the active site of the enzyme.
Nanostructure and surface chemical features of ZCSP-BNG
could exert effect on immobilization of GOD and its catalytic
properties.**4l Immobilization mechanism of GOD on ZCSP-
BNG is described in Figure 6. When GOD was incubated with
the ZCSP-BNG in the phosphate buffer solution, the GOD
molecules were spontaneously entrapped into the macropo-
rous structure of ZCSP-BNG, and this is proven by the TEM
image (Figure 6a) of 10ZCSP-BNG(15) after immobilization.
In the macroporous structure of ZCSP-BNG, the GOD mole-
cules were bound to the porous wall and stabilized by the Zn?*
and Ca?* ions via electrostatic interaction, resulting in a metal-
activated enzyme, as shown in Figure 6b. In the meantime,
microenvironment in macropore determines the accessibility of
active sites and the configuration of the enzymes. Zn and Ca
cofactors become an important part of the active sites of GOD
molecules, and promote the conformational change of enzyme
molecules. GOD molecules loosen the structure at its active
site, and exposes redox catalytic centres to an “open conforma-
tion”, allowing substrates to easily access to the active site.[*>43]
The catalytic active sites are represented as red hexagonal stars
(Figure 6b). The open nanoporous structure in ZCSP-BNG
promotes an increase of diffusion rates of reactants from the
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Figure 6. Immobilization mechanism of GOD on 10ZCSP-BNG (15).
a) TEM image of 10ZCSP-BNG (15) afterimmobilization. Scale bar, 100 nm.
In b), Zn and Ca cofactors exposed redox centres, catalytic active sites are
represented as red hexagonal stars. c) Schematic of the electric double
layer immobilization of GOD inside the macroporous of ZCSP-BNG.
d) Micro electrophoresis images of the T0ZCSP-BNG(15) sample after
immobilization, symbolized by 10ZCSP-BNG(15)-GOD.

solution towards the active site. On the other hand, during the
catalytic reaction stage, the complex needs to have an open
coordination site for the substrate.[*

A previous study shows that an electric double layer (EDL)
can form on the surface of macropores of ZCSP-BNG in buffer
solution and its surface curvature is an important factor pro-
moting the immobilization of GOD.*! In Figure 6c, the inter-
face of electric double layer (EDL) can be divided into an inner
region (Stern layer) and an outer region (diffuse layer). In the
inner layer, Ca’* and Zn?* are immobilized because they are
either strongly attracted to the surface by electrostatic interac-
tions, or specifically adsorbed onto the charged surface due
to van der Waals force, hydrogen bonding, or other binding
mechanisms. The diffuse layer is composed of mobile ions and
their distribution depends on the electrostatic interaction and
on thermal diffusion.[*0]

The formation mechanism expression of surface electric
double layer inside the macropore of ZCSP-BNG is as follows:

1) There are many =Si-O-Ca—O-Si=, =P-0-Ca-O-P=
and =P-O-Zn-O-P= ionic groups in the network structure
of ZCSP-BNG, symbolized by (=Si-0),Ca, (=P-0),Ca and
(=P-0),Zn, respectively. Ca?* and Zn?* combine with two non-
bridged oxygens via ionic bonding. Both Ca?* and Zn?* on the
surface (symbolized by g) exchange with H* in the solution and
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Makees
Vier'S
www.MaterialsViews.com

diffuse into the solution (symbolized by s). The silica and phos-
phorus groups form and this makes surface negatively charged.

(=Si—0),Ca(g) + 2H* OH™ — 2(=Si—OH)(g)
+20H (s) + Ca®*(s) (1)

(=P-0),Ca(g) +2H" OH™ — 2(=P—-OH)(g)
+2O0H (s) + Ca’*(s) )

(=P—0), Zn(g) + 2H" OH™ — 2(=P—-OH)(g)
+20H(s) + Zn* (s) (3)

Cations in the solution enter into the inner layer of the elec-
trical double layer and make the inner layer positively charged.
The inner layer positively charged can adsorb and immobilize
the GOD molecules negatively charged in the solution to form
the electrical double layer.

2) The ion chemical potential in the electrical double layer
can be expressed as:[*]

Bip = pip + RTInaip + ZFé, (4)

And the ion chemical potential in the bulk solution is given
by:

Wi = uip + RTIne;p (5)

where u°p and u°p are the standard chemical potentials of ions
in the electrical double layer and the bulk solution, respectively.
oip and o4p are the ionic activities in the electrical double layer
and the bulk solution, respectively. Zi is the ion valence, @, is
the surface potential of the material and F is the Faraday's con-
stant (C mol™).

In standard state

Bip = Kip (6)

When the electrical double layer and the bulk solution are in
equilibrium, we have then:

Mip = MiB )

or:u’p+ RTIneip+ ZFp,= piz+ RTIne;p 8)
We get from Equations (7) and (8):

eiplaig = exp(—Z Fpo/RT) )

Beacause the surface potential (@, of ZCSP-BNG is a
negative value it makes exp(—Z; F®,/RT) always greater than
1, so a4p > op, indicating that the ionic activity in the electrical
double layer is higher than that of the bulk solution.

OHranions can balance one part of positive charges on the
surface and between the interlaminated layers. The negative
curvature of the macroporous surface can improve the sta-
bility of OH'on the surface, increase the active sites of metal
ions and enhance the GOD loading. In the inner layer, the
Zn** and Ca?* concentration is higher than that of the bulk
solution due to the degradation of ZCSP-BNG (Figure 3b),
strong adsorption and higher ionic activity. This is why both
the immobilized sites and the bond strength of the GOD
increase, and chemical driving force increases significantly. As
stated above, the EDL theory could explain the high activity and
storage stability of immobilized GOD inside the macropores of
ZCSP-BNG. Evidence for EDL formation was obtained using
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Figure 7. Catalytic mechanism of immobilized GOD. a) Catalytic reaction equation of GOD immobilized onto ZCSP-BNG. Immobilized GOD catalyzes
the oxidation of glucose (brown-red sphere) to produce gluconolactone (purple sphere) and hydrogen peroxide (red sphere) in the presence of oxygen.
b) Formation equation of red quinoneimine dye in the immobilized GOD enzyme assay. c) Images of the immobilized GOD enzyme assay. d) Sche-
matic of the redox reaction of GOD immobilized onto ZCSP-BNG and a simple overview of electron transfer among immobilized GOD, substrate and
products. e) Schematic of the modulating catalytic reaction of immobilized GOD. The substrate-enzyme and product-enzyme complexes are depicted.
The colour coding is similar to that of the corresponding schematic displays.

JS94H micro-electrophoresis (Figure 6d). The zeta potential of
10ZCSP-BNG(15)-GOD particle is —3.41, indicating that there
are superfluous negative charges on the particle surface. Thus,
we infer that the multipoint metal ion binding immobilization
mechanism of GOD in the EDL is feasible.

Catalytic mechanism of immobilized GOD is described in
Figure 7. In a GOD-catalyzed reaction, the immobilized GOD
catalyzes the oxidation of glucose substrate (symbolized by
brown-red sphere) to produce gluconolactone (symbolized
by purple sphere) and hydrogen peroxide (symbolized by red
sphere) products in the presence of oxygen (Figure 7a). Activity
of free and immobilized GOD can be determined by measuring
the initial rate of formation of hydrogen peroxide at a given tem-
perature following the formation of a red quinoneimine dye, as
mentioned by Rauf et al.*8! Once phenol and 4-AAP encounter
peroxidise (POX) in the mixed solution react with hydrogen
peroxide, a red quinoneimine dye is produced and determined
at 500 nm using a 7200 Visible Spectrometer (Figure 7b,c). The
absorbance of quinoneimine dye is proportional to the concen-
tration of glucose in the sample. The protonation of various
amino acids in enzyme molecules is an important factor influ-
encing the stability of enzyme structures.”! FAD (fully oxi-
dized form, or quinone form) in GOD structure accepts two
electrons and two protons to become FADH, (hydroquinone
form). FADH, is an energy-carrying molecule, because, if it is
oxidized, it will release all the energy of this stabilization. The
primary biochemical role of FADH, in the redox reaction of
GOD is to carry high-energy electrons used for oxidative reac-
tion. The high-energy electrons from this oxidation are stored
momentarily by reducing FAD to FADH,. FADH, then reverts
to FAD, sending its two high-energy electrons through the elec-
tron transport chain of Zn and Ca metal ions. The energy in
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FADH, is enough to catalyze the oxidation of glucose by the
redox reaction.*) FADH, can then be oxidized to the (semi-
quinone) FADH by donating one proton. The semiquinone is
then oxidized once more by losing a proton and is returned
to the initial quinone form (FAD). The oxidation of glucose is
catalyzed by GOD and mediated by Zn and Ca ions. Binding of
Zn and Ca ions to the GOD are redox-dependent. The glucose
substrate bound by zinc loses electrons and is oxidized to glu-
conolactone and H,0,. The non-bridging oxygens in network
structure of ZCSP-BNG lose electrons and then are utilized
for the catalytic reaction (Figure 7d). In this way, Zn and Ca
ions control the redox reaction of GOD. The substrate-enzyme
and product-enzyme complexes are depicted in Figure 7e. The
D-glucose substrate molecules first diffuse from the mesopores
into the macropores and bind to the active sites of the GOD to
form an enzyme-substrate complex. Then the substrate is con-
verted into enzyme-product complex and attached to the GOD.
Finally, the gluconolactone and H,0, products are released
from the mesopores, thus allowing the GOD to start all over
again. This contributes to understanding how the metal-acti-
vated and binding GOD catalyzes glucose redox reactions.

3. Conclusions

The direct immobilization approach described above differs
from single immobilization technique and has opened a new
direction in integrating bioactive nanostructured glass with
enzymatic catalytic reactions. The specially designed ZnO-
Ca0-Si0,-P,05 bioactive nanostructured glass has versatile
hierarchical nanoporous structure, unique surface chemistry
and potential for optimizing the catalytic reaction of enzymes.

wileyonlinelibrary.com

2213

dadvd T1Tind



-
™
s
[
-l
wd
=
™

www.afm-journal.de
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Yeast /ZnO or Fe,O3 or MgO 0 [mol%]

5 [mol%)]

10 [mol%)] 15 [mol%]

0 [wt%] 0ZCSP-BNG(0)

5 [wi%] 5ZCSP-BNG(0)

10 [wi%] 10ZCSP-BNG (0) TOFCSP (0)
T0MCSP (0)

15 [wi%] 15ZCSP-BNG (0)

0ZCSP-BNG(5)
5ZCSP-BNG (5)

10ZCSP-BNG (5) TOFCSP (5)
TOMCSP (5)

15ZCSP-BNG(5)

0ZCSP-BNG(10)
5ZCSP-BNG(10)

10ZCSP-BNG(10) 10FCSP (10)
TOMCSP (10)

15ZCSP-BNG(10)

0ZCSP-BNG(15)
5ZCSP-BNG(15)

10ZCSP-BNG(15) TOFCSP (15)
TOMCSP (15)

15ZCSP-BNG(15)

This new type of solid supporting material, namely, bioactive
nanostructure phosphosilicate glass, gives both high affinity for
enzyme molecules and a favored microenvironment that results
in high immobilization efficiency with enhanced enzyme
loading and stability compared to conventional approaches.
Our approach is therefore economically advantageous and
facile in operation. We expect that a rational design of bioactive
nanostructure glass will lead to new immobilized approaches
to entrap and stabilize different enzyme molecules for a wide
range of applications such as a drug delivery vehicle, biosensor,
nanobioreactor.

4. Experimental Section

Sample Synthesis: For a list of all chemicals, see the Supporting
Information S4.1. As a typical synthesis procedure, yeast was used
to prepare ZnO-CaO-SiO,-P,0Os bioactive nanostructured glass
(ZCSP-BNG) as the biotemplate. Generally, different amounts of
yeasts and a certain amount of tetraethyl orthosilicate (TEOS), calcium
nitrate tetrahydrate (CNT), zinc nitrate hexahydrate Zn(NOs);-6H,0
(ZNH), triethyl phosphate (TEP) dissolved in ethanol and deionized
water, respectively, giving a molar ratio of Si:(Ca+Zn or Fe or Mg):
P = 50:46:5, and 0.85 mM CgHgO;-H,0, then were mixed and stirred
at room temperature for 6 h. The mixed solution was introduced into
a sealed centrifuge tube and aged at 60 °C for 24 h, then dried at 60 °C
for 48 h. The dried gel was calcined at 700 °C for 3 h to obtain the final
products. The obtained ZnO-CaO-SiO,-P,0;s bioactive nanostructured
glass samples were denoted as xZCSP-BNG(y), where x and y represent
the yeast/TEOS weight ratio and zinc oxide concentration, respectively.
For instance, 5ZCSP-BNG(10) represents yeast/TEOS weight ratio and
the content of zinc oxide were 5 wt% and 10 mol%, respectively. The
others were the same means as 5ZCSP-BNG(10). The obtained Fe,O;-
Ca0-Si0,-P,05 and MgO-CaO-SiO,-P,05 glass samples were denoted
as xFCSP(y) and xMCSP(y), respectively. The codes of all the samples
are shown in Table 1. The characterization methods of samples see
the Supporting Information S4.2. Biocompatibility tests in vitro see the
Supporting Information S4.3.

Immobilization Experiments: For the immobilization of enzymes
on the synthesized supports, 1 mL of the enzyme solution was added
to 100 mg of synthesized support in a test tube at 4 °C for 12 h. The
supernatant containing unreacted enzymes was separated from the
supports by centrifugation for 5 min at 5000 rpm and 4 °C. The enzyme
concentration of the supernatant was determined by a colorimetric
method at 500 nm and was used for recalculation of the enzyme content
of the supernatant. A mass balance for enzyme solution before and after
immobilization was applied to calculate the amount of adsorbed enzyme
using the Bradford method according to the Equation 10:(44

Ci —Cs
== _—v
w
where A is the amount of enzyme bound onto ZCSP-BNG (mg g7',

mg enzyme per gram support), Ci and Cs are the concentration of
the enzyme initially added for immobilization and in the supernatant

A (10)
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(mg mL™), respectively, V is the volume of the reaction medium (mL),
and W is the weight of the support (g).

Enzymatic activity of free and immobilized GOD can be determined
by measuring the initial rate of formation of hydrogen peroxide at a
given temperature following the formation of a red quinoneimine dye, as
mentioned by Rauf et al. (Figure 7a,b).[*] An assay mixture was prepared
by pipetting 2 mL phenol-buffer, 0.5 mL B-D-glucose substrate, 0.5 mL
horseradish peroxidase and 0.1 mL 4-aminoantipyrine (4-AAP) into a
cuvette (d =10 mm), respectively, and then incubated at 37 °C for 10 min.
To start the enzymatic reaction, 0.1 mL of the supernatant solution was
added to the cuvette and mixed well immediately. We keep the reaction
mixture at 37 £ 0.1 °C and record the increase of absorbance at 500 nm
in a spectrophotometer at specific intervals of 1 min (A2 and A5, A2,
A5 refer to the absorbance of the reaction mixture exactly at 2 minutes
and 5 min after the addition of enzyme solution) and calculate the AA
per min using the linear portion of the curve (AAs). As a blank, pipette
0.1 M phosphate buffer into another cuvette (d =10 mm) instead of GOD
enzyme solution and take the same procedure described above (Ab2 and
Ab5). For comparison, control experiments were performed through the
same assay procedure using the same amount of GOD without adding
supports. GOD activity unit was denoted as U mL™', with one GOD
activity unit (1 U) defined as the enzyme quantity which oxidizes 1 umol
of B-D-glucose per minute under the conditions described above.

The activity of the enzyme can be calculated using the following
Equation (11):

(As — Az) — (Aps — Apg)

3
1 Dm amn
X——————— X — X 3.2
12.88 x 1/2 0.1

Activity (U mL™") =

where 3 is the reaction time (min), 12.88 denotes the millimolar
extinction coefficient of quinoneimine dye, 1/2 is the factor based on the
fact that two moles of H,O, form one mole of quinoneimine dye, Dm is
the dilution multiple of enzyme solution, 0.1 is the volume of enzyme
solution, 3.2 is the final volume of the reaction mixture. Reusability
experiments of immobilized enzyme see the Supporting Information
S4.4. Optimum catalysis condition experiments of free and immobilized
enzyme see Supporting Information S4.5.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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