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Abstract

In this study, three different morphology silica materials, i.e. hollow silica nanotubes, hollow silica nanospheres and solid silica nanoparticles were
prepared and then employed as supports for immobilization of lysozyme. The produced silica materials were characterized by transmission electron
microscopy (TEM), FTIR and BET. The comparative study of three silica materials for the immobilization of lysozyme indicated that the amount
of immobilized lysozyme on solid silica nanoparticles was 186 mg/g silica, and while that of immobilized lysozyme within hollow silica nanotubes
and hollow silica nanospheres could, respectively, reach up to 351 mg/g silica and 385 mg/g silica. Among the three types of silica supports,
it was obvious that the hollow silica nanospheres represented the highest immobilization ability, whereas the specific activity of immobilized
lysozyme on silica nanospheres (1.38 x 10° unit/g) was slightly lower than that of immobilized lysozyme on silica nanotubes (1.46 x 10° unit/g).
This unexpected phenomenon is more likely to be due to the relatively airtight structure of hollow silica nanospheres. Compared to solid silica

nanoparticles, silica materials with hollow structure and large pore size would facilitate the enzymatic immobilization.

© 2007 Published by Elsevier B.V.
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1. Introduction

The immobilization of enzymes on solid supports is an area
of intense research due to the widespread application of immo-
bilized enzymes in synthetic chemistry and industry [1-3]. In
this field, a central requirement for consolidating biocatalysis
is the development of supports and immobilization methods
capable of providing cheap, stable, efficient heterogeneous bio-
catalysts [4]. As conventional supports for the immobilization of
enzymes, polymeric organic materials have a low reusability. In
recent years, inorganic materials with large specific surface area
and unique structure have drawn growing interest of researchers
[5,6]. Among inorganic materials, silica materials for the immo-
bilization of enzymes have been explored extensively because
they are environmentally more acceptable, structurally more
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stable and chemically more resistant to organic solvents and
microbial attacks [4,7-9]. Silica materials with different mor-
phologies such as monoliths, films, rod-like particles, fibers,
hollow nano/microspheres and hollow nanotubes also have
been fabricated [10-13]. Takahashi et al. [14,15] have reported
the ordered mesoporous silica (MCM-41, FSM-16 and SBA-
15) for the immobilization of horseradish peroxide. Mann and
co-workers [16] have synthesized silica fibers with triangular
or rectangular-shaped channels by coupling TEOS hydroly-
sis/condensation reactions in situ crystallization of ammonium
oxalate.

Since the pioneering works on the fabrication of hol-
low spheres were performed by Kowalski et al. [17], hollow
spheres and tubes with well-defined structures have been
attracting interest in the area of materials research. Recently,
a variety of chemical and physicochemical methods have
been investigated, including emulsion/interfacial polymeriza-
tion strategies [18,19], heterophase polymerization combined
with a sol-gel process [20,21], self-assembly techniques [22,23]
and surface living polymerization processes [24,25]. Lin and
co-workers [26] have reported that hollow silica spheres with
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mesostructured shell were prepared with a vesicle template
of cetyltrimethylammonium bromide-sodium dodecyl sulfate-
pluronic following a fast silicification in dilute silicate solution
and found that the mesostructure of the shell is disordered and
the mesopore size is about 5.5-7.5 nm. Wu and co-workers [27]
have performed a novel method for the fabrication of small
monodisperse hollow silica spheres, and in this approach, when
silica shells were coated on polystyrene particles by the sol—gel
method, the polystyrene cores were dissolved subsequently,
even synchronously, in the same medium to form monodisperse
hollow spheres. Furthermore, the formation of hollow silica nan-
otubes has been reported by many researchers. Murphy and
co-workers [28] have synthesized the hollow silica nanotubes
through dissolution of the Au core from the silica-coated Au
nanorods. Martin and co-workers [29] have also synthesized
the hollow silica nanotubes within the pores of nanopore alu-
mina template membranes using a sol-gel method. These hollow
nanoparticles have a number of excellent properties that make
them potential candidates for enzyme immobilization. First,
they have inner voids that can be filled with species ranging
in size from large proteins to small molecules. In addition, they
have distinct inner and outer surfaces that can be differentially
functionalized. Finally, the mesostructure of the shells with the
tunable pore size and pore distribution allows small molecules
and ions to diffuse into or out off the hollow nanoparticles,
producing shorter diffusion path lengths.

In this paper, solid silica nanoparticles, hollow silica
nanospheres and hollow silica nanotubes were synthesized for
enzyme immobilization. Three silica nanoparticles with differ-
ent morphologies possess the same surface groups, i.e. Si-OH
groups, as evidenced by FTIR. Lysozyme was employed as
a representative enzyme to investigate its adsorption behavior
on three types of silica materials at neutral pH. We found that
the adsorption process of lysozyme onto hollow silica materials
could be divided into two stages. In addition, effects of support
morphology on the loading of lysozyme and on the catalytic
activity of the immobilized enzymes will be also discussed in
this work.

2. Experimental
2.1. Chemicals

Solid silica nanoparticles, hollow silica nanospheres and hol-
low silica nanotubes were synthesized by our group [20,30].
Lysozyme, a small globular protein with an approximate diame-
ter of 3 nm and isoelectric point without specific ionic adsorption
at 11.4 [31], was obtained from a commercial source (Fluka
Co.). All chemicals were reagent grade and used without further
purification. Deionized water was prepared with an ion exchange
system.

2.2. Fabrication of silica nanoparticles
Solid silica nanoparticles were obtained in high-gravity envi-

ronment generated by rotating packed bed reactor. Hollow silica
nanospheres with a porous shell structure were fabricated via the

sol—gel method and using cuboidal CaCO3 nanoparticles as inor-
ganic templates [20,32]. Hollow silica nanotubes with a porous
shell structure were also synthesized via a similar method using
needle-like CaCOj3 nanoparticles as inorganic templates [33].

2.3. Immobilization of lysozyme on silica nanoparticles

The immobilization process of lysozyme onto silica nanopar-
ticles was illustrated in Fig. 1. The as-prepared solid silica
nanoparticles, hollow silica nanospheres and hollow silica nan-
otubes, under constant stir, were added into lysozyme solution
(1 mg/mL), respectively. At different time intervals SmL of
the suspensions were withdrawn and immediately centrifuged
to obtain clear supernatant, which was used to determine the
residual lysozyme concentration by a UV spectrometer at a
wavelength of 280nm. The amount of lysozyme immobi-
lized onto silica nanoparticles was calculated from the original
lysozyme concentration and the amount of lysozyme in the
supernatant after adsorption. After the adsorption had reached
the equilibrium, the suspension was filtered and rinsed with
deionized water to remove untrapped lysozyme molecules. Sam-
ples of lysozyme immobilized onto silica nanoparticles were
dried and kept in stock for subsequent enzyme activity assay.

2.4. Measurement of the enzyme activity

The activity of lysozyme immobilized in silica nanoparti-
cles was measured by a standard assay procedure. Micrococcus
was selected as the substrate to examine the catalytic capabil-
ity of lysozyme, which was correlated to the degradation rate
of micrococcus in the presence of lysozyme. The substrate was
dispersed in a phosphate solution of pH 6.5 in a cuvette and
the as-prepared suspension was monitored by a UV spectrom-
eter to determine the degradation rate of micrococcus via the
variation of UV absorbance. The suspension was in stock for
enzymatic activity examination while the UV absorbance at
450 nm reached approximately 1.3. Then either free lysozyme or
lysozyme-immobilized silica nanotubes, dissolved or dispersed,
respectively in phosphate buffers, were added into micrococcus
suspension and the decrease of the UV absorbance at 450 nm was
recorded for the initial 5 min. The plot of enzymatic activities
versus different loading amount of lysozyme was thus estab-
lished, and each run of activity measurements was carried out
four times and the average value was adopted in this experiments.

2.5. Apparatus

TEM (HITACHI, H-800) was used to study the morphol-
ogy and structures of the silica samples. The concentration of
lysozyme solution was determined by a Shimadzu UV 2501
spectrometer at an absorption wavelength of 280 nm. Zeta poten-
tials of solid and hollow silica materials were measured by
a MALVEN ZETASIZER-3000HS. BET surface area, pore
volume and pore size of the samples was determined from
N, adsorption—desorption isotherms obtained at 77 K using an
ASAP 2010 Surface Area Analyzer. Prior to measurement, all
samples were outgassed at 473 K and 0.1 Pa for 2 h.
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Fig. 1. Schematic illustration of immobilization of lysozyme from aqueous solution onto solid silica nanoparticles and hollow silica nanoparticles.

3. Results and discussion
3.1. Analyses of morphology and size of silica materials

Fig. 2 shows the morphology and size of as-prepared CaCOs3
templates and silica nanoparticles. Fig. 2a indicated solid silica
nanoparticles with the size of ca. 20-30 nm. The shape and size
of the inner space of hollow silica nanotubes can be determined
directly by the shape and size of needle-like CaCOs3 templates
(Fig. 2b). The average inner diameter of silica nanotubes (SNT)
in the middle and at the closed ends (Fig. 2¢) was 200-250 and
50-60 nm, respectively. It was worth noting that most of the as-
prepared hollow silica nanotubes are open at one or two ends,
and thus provide more entrance for immobilization of enzyme.
Also, the walls of the nanotubes were uniform and smooth, and
had a thickness of about 30—40 nm, which could be controlled
by the SiO,/CaCOs3 ratio during the preparation. In fact, the
existence of big openings at the nanotubes ends would allow the
large internal void space to trap macromolecules or larger enti-
ties, which will be practically applicable in many applications
such as bio-immobilization and functional materials. The sil-

Table 1
Physical properties of silica materials®

ica nanospheres (Fig. 2e and f) were synthesized through using
cuboidal CaCOs3 nanoparticles (Fig. 2d) as inorganic templates,
and the size of hollow silica nanospheres was 80-150 nm.

The typical nitrogen adsorption isotherm at 77 K for the sil-
ica materials and their pore size distribution determined by a
Micromeritics ASAP2010 Analyzer are shown in Fig. 3 (for
solid silica nanoparticles), in Fig. 4 (for hollow silica nanotubes)
and in Fig. 5 (for hollow silica nanospheres), respectively. Fig. 6
shows the variation of zeta potential for the silica materials with
the pH value is similar. The physical properties of various sil-
ica materials are compiled in Table 1. According to the data
in Table 1, three different morphology silica materials have a
resemble zeta potential, slightly different pore volume (Vpore)
and surface area (Spgt), while obviously different pore diame-
ter (Dpore), Which is convenient for us to investigate the effect
on enzyme loading process from support structures.

3.2. FTIR analysis

Fig. 7 shows the FTIR analysis of the surface groups of
the silica materials. 3430cm™! is the non-symmetric stretch-

Sample Vpore (cm3/g) Dyore A Zeta potential (mV) SBET (mZ/g)
Solid silica nanoparticles 1.08 12.6 —30.8 403.8
Hollow silica nanotubes 0.78 66.9 -31.9 458.5
Hollow silica nanospheres 0.93 55.8 =315 474.2

4 Zeta potential values given here at pH 7 and the room temperature.
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Fig. 2. TEM images of different nanoparticles: (a) solid silica nanoparticles; (b) needle-like CaCO3 nanoparticles; (c) hollow silica nanotubes; (d) cuboidal CaCO3
nanoparticles; (e) hollow silica nanospheres. A magnified TEM image of hollow silica nanospheres (f).

ing vibration of O-H groups bound with the surface of silica
materials. 1630 cm™! is the flexural vibration of H-O—H groups
adsorbed onto the surface and channel of silica materials. 1100
and 800cm™! are the non-symmetric and symmetric stretch-
ing vibration of Si—O-Si groups, respectively. 957 cm~! is the
stretching vibration of Si—OH groups. It can be seen that the
surface groups of the three samples are similar and mainly
composed of Si—~OH groups, which facilitates the interaction
between the amino and/or carboxylic groups on the enzyme sur-
face and the Si—~OH groups on the silica materials surface via
hydrogen-bonding [34].

In addition, Fig. 7 shows the FTIR spectra recorded from pure
lysozyme (curve 4), lysozyme-immobilized solid silica nanopar-
ticles (curve 5), lysozyme-immobilized hollow silica nanotubes

(curve 6) and lysozyme-immobilized hollow silica nanospheres
(curve 7). Asitis well known, the amide linkages between amino
acid residues in polypeptides and protein give the well-known
fingerprints from the IR spectrum [35]. The position of the amide
I'and IT bands in the FTIR spectra of proteins is a sensitive indica-
tor of conformational changes in the protein secondary structure
[36] and have been used in the study to investigate the immobi-
lized enzymes molecules. The amide I peak at about 1650 cm™!
can be observed at lysozyme and lysozyme-immobilized silica.
The peak at 1530cm™!, corresponding to the amide II band
[37], can also be clearly seen in lysozyme-immobilized silica.
These spectral characteristics indicate that the secondary struc-
ture of the protein is maintained in the immobilized lysozyme
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Fig. 3. N, adsorption isotherm for solid silica nanoparticles and the correspond-
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Fig. 7. FTIR spectra of silica materials, pure lysozyme and silica materials with
immobilized lysozyme.

molecules and also indicate that as-prepared silica carriers are
compatible with the physiological medium.

3.3. Immobilization of lysozyme on silica materials

Fig. 8 shows immobilization of lysozyme on silica nanopar-
ticles at the same conditions. It can be seen that the amount
of immobilized lysozyme within solid silica nanoparticles is
186 mg/g silica when lysozyme/silica ratio is 1:1, and while
that of immobilized lysozyme within hollow silica nanotubes
and hollow silica nanospheres could, respectively, reach up to
351 mg/g silica and 385 mg/g silica which is not only higher
than the immobilization abilities of solid silica nanoparticles,
but also higher than mesoporous silica (MPS) without designed
structure and some surface-modified MPS [38]. From Fig. 8a,
it can be seen that the adsorption of lysozyme onto solid sil-
ica nanoparticles involves only one stage and quickly reach to
equilibrium. A possible reason is that the pore diameter (about
12.6 A) of solid silica nanoparticles is too small and makes
the molecules (about 3 nm) of lysozyme difficult to enter into
the narrow channel of solid nanoparticles. From Fig. 8b and
¢, it was found that the adsorption process of lysozyme onto
hollow silica materials could be divided into two stages. The
first stage is mainly the adsorption of lysozyme onto the exter-
nal surface of hollow silica materials, which occurs in a very
short time of 60-80min. The second stage is mainly com-
prised of both further adsorption of lysozyme inside the inner
channel and encapsulation of lysozyme in the void space of hol-
low silica materials, which takes a much longer time to reach
equilibrium.

So it can be concluded that good morphology and large pore
size of silica materials would enhance the amount of immobi-
lized lysozyme within silica materials. Furthermore, if the pore
size of silica materials is smaller the molecular dimensions of
enzymes, the bulky enzymes diffuse difficultly into the narrow
channel of silica materials and the most of the surface areas of
silica materials would not be utilized for enzymatic immobiliza-
tion, which have been illuminated by the fact that the amount
of immobilized lysozyme within solid silica nanoparticles is far
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lower than that of immobilized lysozyme within hollow silica
nanoparticles.

3.4. Enzymatic catalysis

The enzymatic specific and relative activities are two of
the most important parameters of the immobilized enzymes.
The two parameters of lysozyme immobilized onto different
silica materials were investigated and the results were pre-
sented in Fig. 9. Relative enzyme activity was determined
as the specific activity ratio between immobilized and free
enzyme. The enzymatic activity of the free lysozyme in solu-
tion is about 9600 unit/mg in the experiment. From Fig. 9,
it can be seen that the specific activity of lysozyme immo-
bilized onto solid silica nanoparticles is 1.08 x 10° unit/g,
which is lower than those of lysozyme immobilized onto
hollow silica nanotubes (1.46 x 100 unit/g) and onto hollow
silica nanospheres (1.38 x 10° unit/g). The relative activity of
lysozyme immobilized onto silica materials is 71.61% for
solid silica, 58.70% for hollow silica nanotubes, and 51.64%
for hollow silica nanospheres, respectively. The immobilized
lysozyme molecules onto the three types of silica materials lose
partly enzymatic activity due to adsorption on silica. Lysozyme
immobilized onto solid silica nanoparticles possess the high-
est relative activity, which can be explained based on the fact
that the lysozyme molecules were mainly adsorbed on the
external surface of solid silica nanoparticles. While, therein,
taking higher enzymatic specific activity into account, solid
silica nanoparticles is not the most appropriate candidate for
lysozyme immobilization. Although the amount of immobilized
lysozyme on hollow silica nanotubes (351 mg/g silica) was lower
than that of immobilized lysozyme on hollow silica nanospheres
(385 mg/g silica) as mentioned above (see also Fig. 8), the rela-
tive activity of immobilized lysozyme exhibits an adverse trend,
that is, the former (58.70%) is higher than that of immobilized
lysozyme on the latter (51.64%). Possible reason for higher rel-
ative activity of immobilized lysozyme on hollow silica tubes is
a relatively facile diffusion process of species across the shell
walls due to their unique big entrances at the two ends (diameter
of about 120-200 nm). But in a way the relatively airtight struc-
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Fig. 9. Activity of immobilized lysozyme onto silica materials.

ture of hollow silica nanospheres would have an adverse effect
on diffusion process.

4. Conclusions

Solid silica nanoparticles, hollow silica nanotubes by using
needle-like CaCOs3 templates, hollow silica nanospheres by
using cuboidal CaCOj3 templates have been prepared suc-
cessfully. The prepared silica materials were utilized for
immobilization of lysozyme and are proved to be efficient for
lysozyme immobilization in the adsorption experiment. Through
the comparative study of immobilization of lysozyme onto
the three different silica materials, we found that the adsorp-
tion process of lysozyme onto hollow silica materials could be
divided into two stages. Good hollow structure and large pore
size of silica materials would enhance the amount of immobi-
lized large molecules, such as lysozyme, within silica materials.
An interesting phenomenon is that the relatively airtight struc-
ture of hollow silica nanospheres has two contrasting effects
on enzymatic immobilization. On one hand, the relatively air-
tight structure of hollow silica nanospheres is more useful for
the molecules of lysozyme to be captured and restricted into
the void space of silica nanospheres. Thus, this facilitates to
enhance the amount of immobilized enzyme onto hollow silica
nanospheres. But on the other hand, the relatively airtight struc-
ture might affect the diffusion/mass-transfer processes upon
substrates entering in and products flowing out through the
shell of hollow silica nanospheres, leading to the decrease of
the immobilized lysozyme activity. The comparative study of
immobilization of lysozyme onto the three different silica mate-
rials indicated clearly that hollow silica nanomaterials would
be better potential candidates for enzyme immobilization than
solid silica nanoparticles. We expect that hollow silica nanoma-
terials can be applicable as carriers for more versatile enzyme
immobilization and macromolecule protection.
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