
Alginate/Protamine/Silica Hybrid Capsules with Ultrathin
Membranes for Laccase Immobilization

Ji-Yun Wang, Hai-Rong Yu, Rui Xie, Xiao-Jie Ju, Ya-Lan Yu and Liang-Yin Chu
School of Chemical Engineering, Sichuan University, Chengdu, Sichu

,
an 610065, P.R. China

Zhibing Zhang
School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, U.K.

DOI 10.1002/aic.13834
Published online May 31, 2012 in Wiley Online Library (wileyonlinelibrary.com).

A novel type of core–shell capsules with ultrathin alginate/protamine/silica (APSi) hybrid membranes are successfully
fabricated through a coextrusion minifluidic approach and a biosilicification method for immobilization of laccase. The
ultrathin membranes were beneficial to the mass transfer across the capsule membranes, and the silica layer on the outer
surface was efficient to inhibit the swelling of the capsule membranes. The immobilizing yield was considered to be 100%
because all the enzyme molecules were encapsulated inside the capsules through the proposed method, and the laccase
activity immobilized in APSi capsules was 61.8 mmol�g–1�min–1. The thermal, pH and storage stabilities of the immobilized
laccase in APSi capsules were determined in comparison with free laccase. The stability of encapsulated laccase was
significantly improved, which was as high as 67% after 20 days. The residual relative activity of encapsulated laccase
remained 45% after 10 cycles. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 380–389, 2013
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Introduction

With the rapid development of biotechnology in recent
years, enzyme technology including immobilization has been
extensively applied in various fields, such as biocatalysis,
biosensing, biopharmaceutics, and rapid disease diagnosis.1–6

For in vitro applications of enzymes, their immobilization
provides an effective approach to overcome some limitations
of free enzymes.7,8 For example, compared with free
enzymes, immobilized enzymes are less sensitive to environ-
mental stimuli, and can be removed from surrounding liquid
and be recycled. Up to now, there have been mainly several
types of enzyme immobilization methods, including
physical adsorption, covalent bonding, crosslinking and em-
bedding.7–14 The embedding method immobilizes enzymes
in hydrogels or encapsulates enzymes in semipermeable cap-
sules,10,14 which enable the bidirectional mass transfer across
them, i.e., the inflow of reaction substrates and the outflow
of products resulting from enzymatic reactions. In the case
of embedding, enzyme properties could be improved by
avoiding interaction with interfaces, or being influenced by
the generation of a new environment, or by preventing
enzyme subunit dissociation.7,8

To immobilize enzymes with the embedding method, the
materials and structures of their carriers are very important

to maintain their activity.9,15 Nowadays, both natural poly-
saccharide polymers such as alginate, agar and chitosan and
synthetic polymers such as polyacrylamide, poly(vinyl alco-
hol) and poly(lactic acid) have been used as the materials of
carriers for immobilizing enzymes.16–21 Because their net-
works are usually flexible, the polymeric carriers can easily
swell due to the effect of inner osmotic pressure. As a result,
some of the embedded enzymes can escape from the poly-
meric carriers when the swelling happens to the polymeric
networks, and, thus, the enzyme immobilizing yield will be
reduced to a certain extent. To prevent enzyme releasing
from trapped enzyme preparations, some successful exam-
ples of immobilization of pre-immobilized or modified
enzymes have been reported.7 However, it is still desirable
to search for new approaches which are effective to prevent
untreated or unmodified enzymes escaping from their car-
riers. Therefore, under the precondition for the mass transfer
of substrates and products, how to enhance the mechanical
strength and inhibit the swelling of the carriers for enzyme
immobilization is an important issue.

Inorganic materials, which are usually rigid, have been
recently reported to form inorganic/organic hybrid carriers to
reinforce the mechanical strength and inhibit the swelling
behavior of the carriers for enzyme immobilization.2,22–24

There have been mainly two methods to prepare inorganic–
organic hybrid carriers for enzyme immobilization. One was
a blending method, in which silica particles or precursors
were blended with polymer solution, and then the polymeric
components were crosslinked to form hybrid compo-
sites.22,25,26 The other was a coating method, in which poly-
meric capsules were prepared first, then silica precursors
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were adsorbed onto the capsule surface, and finally a silica
layer was synthesized on the outer surface to form hybrid
capsule shells.23,24,27 Recently, Zhang et al.2,28 have pro-
posed an attractive approach to prepare inorganic–organic
hybrid capsule shells, in which they dripped calcium chlo-
ride (CaCl2) droplets containing glucuronidase into a sodium
alginate (Na-alginate) bath to form inner organic shells, then
dipped the partially gelled capsules in a CaCl2 bath to finish
the gelation from the outside. After that, certain protamine
molecules were absorbed onto the Ca-alginate shell, and
then the protamine molecules inspired the silica formation
on the outer surface of Ca-alginate capsules at 25�C and pH
7.0. Their results showed that the mechanical strength of the
capsules was enhanced and the swelling was inhibited effec-
tively by introducing the inorganic layer onto the outer sur-
face of calcium alginate capsules.2,28 However, the four-step
process for preparing the hybrid capsules is still somewhat
complex. Furthermore, the thickness of the hybrid capsule
shell, which is one of the key factors determining the mass
transfer of substrates and products across the capsule mem-
brane, is still difficult to be controlled in the mentioned
method. More recently, a simple coextrusion minifluidic
approach to fabricate Ca-alginate capsules with aqueous core
and an ultra-thin membrane29,30 has been developed for
decreasing the mass-transfer resistance across the capsule
membrane, which may be extended to fabricate inorganic–
organic hybrid capsules with ultrathin membranes for
enzyme immobilization.

In this work, we prepared core–shell capsules with ultra-
thin alginate/protamine/silica (APSi) hybrid membranes
through the coextrusion minifluidic approach and a biosilici-
fication method for immobilization of a model enzyme lac-
case. The size and structure of the prepared capsules were
characterized. Because laccase is able to oxidize both pheno-
lic and nonphenolic lignin related compounds as well as
highly recalcitrant environmental pollutants,31 the immobili-
zation of laccase was chosen in this study to investigate the
carrier properties, aiming to realize a reusable application.

The enzyme activity, and thermal, pH and storage stabilities
of the immobilized laccase in APSi capsules were character-
ized, and compared with those of free laccase. Moreover, the
residual relative activity of the encapsulated laccase in APSi
capsules after being used for 10 cycles was determined.

Materials and Methods

Materials

Na-alginate was purchased from Tianjin Kemiou Chemical
Reagent Development Center, China. Protamine sulfate salt
from salmon (P4380), laccase from trametes versicolor
(53739, [ 20 units/mg) and the 2,20-N-bis(3-ethyl benzothia-
zolinone-6-sulfonic acid) diamine salt (ABTS, A1888, purity
� 98% (TLC)) were purchased from Sigma-Aldrich Chemical
Co. Na-carboxymethylcellulose (Na-CMC), calcium nitrate
(Ca(NO3)2), sodium silicate (Na2SiO3�9H2O) used as a silica
precursor, acetic acid (HAc) and sodium acetate (NaAc) were
obtained from Chengdu Kelong Chemical Reagent Co., China.
All other chemicals were of analytical grade.

Fabrication of APSi hybrid capsules with ultrathin
membranes for laccase immobilization

The APSi hybrid capsules with ultrathin membranes were
fabricated in a three-step process, as illustrated in Figure 1.
First, Ca-alginate capsules with a controllable ultrathin mem-
brane were prepared by a coextrusion minifluidic tech-
nique.29,30 The water-in-water droplets with mixed solution
of laccase (0.5 g/L) and Na-CMC (10 g/L) as the inner core,
and Na-alginate solution (20 g/L) as the outer shell were
prepared via the capillary coextrusion minifluidic apparatus.
In the experiment, the volumetric flow rates of the core solu-
tion and shell solution were 10 mL/h and 2.5 mL/h, respec-
tively. The droplets were dripped into the Ca(NO3)2 bath (10
wt %) one by one, and the alginate shells were gelated by
Ca2þ immediately. The prepared capsules were then
removed from the Ca(NO3)2 solution, rinsed with HAc-
NaAc buffer (0.2 mol/L, pH 7.0) for three times. Because all

Figure 1. Schematic illustration of the process for fabricating the core–shell capsules with ultrathin alginate/protamine/
silica (APSi) hybrid membranes through the coextrusion minifluidic approach and biosilicification method.

(a) Formation of Ca-alginate capsules with an ultrathin membrane in calcium nitrate solution by a co-extrusion minifluidic technique,

(b) adsorption of protamine molecules onto the surfaces of Ca-alginate capsules in protamine solution, and (c) formation of a silica

layer on the outer surface of capsules via silicification in sodium silicate solution. A: laccase solution with Na-carboxymethylcellulose

(Na-CMC); B: Na-alginate solution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the laccase molecules were encapsulated inside the capsules
through the aforementioned method, the immobilizing yield
was considered to be 100%.

Then, alginate/protamine capsules with encapsulated lac-
case were prepared by adsorbing protamine molecules onto
the surfaces of the Ca-alginate capsules once the alginate cap-
sules were prepared. Protamine sulfate salt was dissolved in
HAc-NaAc buffer (0.2 mol/L, pH 7.0), and the concentration
of protamine sulfate salt was selected as 3.0 g/L. The Ca-algi-
nate capsules were immerged in the protamine solution for 30
min under mild stirring (100 rpm) using an electric stirrer to
permit the protamine molecules to gradually adsorb onto the
Ca-alginate shell via electrostatic attraction. The prepared al-
ginate/protamine capsules were washed with HAc-NaAc
buffer (0.2 mol/L, pH 7.0).

Next, the alginate/protamine capsules were immediately
transferred into sodium silicate solution (60 mmol/L), which
had been prepared by dissolving sodium silicate in 0.2 mol/L
HAc-NaAc buffer and the pH value was adjusted to 7.0, and
the mild silicification was performed on the capsule surfaces
to fabricate the APSi hybrid shells at room temperature. The
silicification lasted for 2 h. Finally, the fabricated APSi hybrid
capsules were washed with HAc-NaAc buffer (0.2 mol/L, pH
7.0) twice and stored at 4�C for further characterization.

In order to systematically investigate the effects of the
carrier microstructures on the performance of the immobilized
enzyme, Ca-alginate spheres were also prepared by replacing
the core solution with Na-alginate solution containing both
laccase and Na-CMC in the same capillary apparatus, and
then APSi spheres were obtained from the Ca-alginate spheres
by the same silicification method, as schematically illustrated
in Figure S1 in the additional Supporting Information. Both
Ca-alginate spheres and APSi spheres were used for the
enzyme immobilization as references.

Characterization of APSi hybrid capsules

The morphology of Ca-alginate capsules and spheres, as well
as APSi hybrid capsules and spheres was characterized from
their optical pictures taken by a digital camera. The size distri-
butions of the prepared spheres and capsules were evaluated by
a coefficient of variation (CV), which is defined by Eq. 1

CV ¼ 100%�
�XN

i¼1

ðDi � DnÞ2

N � 1

�1
2

,
Dn (1)

where Di is the diameter of the ith particle (sphere or capsule)
(m), N is the total number of the particles counted (A), and Dn

is the arithmetic average diameter (m) of the counted particles.
More than 200 particles were counted to determine their mean
size and distribution.

The surface and cross-sectional structures of the prepared
spheres and capsules in dry state were characterized using
scanning electron microscopy (SEM; JSM-5900LV, JEOL,
Japan). The particle samples for SEM were first freeze-dried
for 24 h, then frozen in liquid nitrogen for 10 min, fractured
mechanically, and finally sputter-coated with gold for 40 s
before the scanning. Energy dispersive X-ray spectroscopy
(EDX) in conjunction with field emission scanning electron
microscopy (FEASEM, S-3400, Hitachi, Japan) was
employed to confirm the coating of silica shell on the APSi
hybrid capsules. The chemical composition of APSi hybrid
capsule shells was also measured with a Fourier transform
infrared spectrometer (FTIR, IR Prestige-21, Shimadzu, Ja-

pan). The FTIR specimen was prepared by a freeze-drying
method and using KBr disc technique.

Enzymatic conversion reaction and productivity

The enzymatic conversion reaction of ABTS substrate was
catalyzed by equal amount of free or immobilized laccase.
First, 335 lg free laccase and 30 APSi hybrid capsules encap-
sulating the same amount of laccase were put into a conical
flask each containing 50 mL HAc-NaAc buffer (0.2 mol/L, pH
3.0). The conical flasks were tightly sealed, heated to 37�C
and equilibrated for 10 min. Subsequently, the enzymatic con-
version reactions were performed by adding 300 lL ABTS so-
lution (0.01 mol/L), respectively. At regular intervals, the ab-
sorbance of ABTS free radicals in the medium was analyzed
by using an UV-spectrometer at a wavelength of 420 nm. The
conversion productivities were calculated by comparing the
amount of ABTS free radicals in the medium with time and
the original amount of ABTS in the feed, as shown in Eq. 2

Productivity ¼ Pt

P0

� 100% (2)

where Pt and P0 are the amount of ABTS free radicals in the
medium at time t, and the original amount of ABTS in the
feed, respectively.

In order to compare the effects of carrier structures on the
enzyme performances, the Michaelis constant (Km), and the
maximum reaction rate (Vmax) of both free laccase and im-
mobilized laccase in the aforementioned four carriers were
measured according to a well-established method.32 335 lg
encapsulated laccase were first put into 50 mL HAc-NaAc
buffer (0.2 mol/L, pH 3.0), then heated to 37�C and equili-
brated for 10 min. The conversion reactions were carried out
by adding different amounts of ABTS substrate (2.5–15 �
10�7 mol), and after 10 min the concentration of ABTS free
radicals were analyzed. The Michaelis constant (Km), and
the maximum reaction rate (Vmax), were calculated by the
Lineweaver-Burk equation

1

v
¼ Km

Vmax

1

½S�

� �
þ 1

Vmax

(3)

where v is the reaction rate of ABTS free-radical
(mol�L�1�min�1), and (S) is the substrate concentration
(mol�L�1).

Swelling characteristics of enzyme carriers

To study the swelling characteristics of enzyme carriers
during the conversion reaction process, Ca-alginate spheres
and capsules, as well as APSi spheres and capsules were indi-
vidually introduced into 50 mL HAc-NaAc buffer (0.2 mol/L,
pH 3.0) containing 3 � 10�6 mol ABTS at 37�C, and each
conversion reaction was performed for 2 days. The number of
carriers in each experiment was 30. The swelling degree was
evaluated by comparing the carrier diameter before (Db), and
after the enzymatic conversion reaction (Da)

Swelling degree ¼ ðDa � DbÞ
Db

� 100% (4)

Optimum temperature and pH for the catalytic reaction

To ascertain the optimum temperature for the catalytic
reactions, 30 APSi hybrid capsules containing encapsulated
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laccase and 30 lg of free laccase were respectively put into
50 mL of HAc-NaAc buffer (0.2 mol/L, pH 3.0), which was
then equilibrated at designed temperatures ranging from 10
to 60�C for 10 min. Subsequently, the catalytic reactions
were carried out by adding 3 � 10�6 mol ABTS substrate.
After 10 min, the concentrations of ABTS free radicals were
determined by using an UV-spectrometer at 420 nm. The rel-
ative activities of free laccase and encapsulated laccase were
calculated by Eq. 5

Relative activity ¼ Aexp

Amax

� 100% (5)

where Aexp is the amount of ABTS free radicals in the medium
catalyzed at each temperature, and Amax is the maximum one
among all the Aexp values.

The optimum pH value for the conversion reaction was
investigated by adding the same amount of free and immobi-
lized laccase into 50 mL of HAc-NaAc buffers at different
pH (0.2 mol/L, pH ranging from 2.0 to 7.0), which was then
equilibrated at 37�C for 10 min. The subsequent measure-
ment and calculation of the relative activities were the same
as those for determining the optimum temperature.

Thermal and pH stabilities of immobilized enzymes

Thermal stabilities of immobilized enzymes were investi-
gated by adding 30 APSi hybrid capsules with encapsulated
laccase and 30 lg free laccase into 50 mL HAc-NaAc buffer
(0.2 mol/L, pH 3.0), which was incubated at different temper-
atures (from 10 to 60�C) for an hour. The conversion reac-
tions were then performed by adding 3 � 10�6 mol ABTS
substrate at the same optimum conditions (37�C, pH 3.0)
determined from the aforementioned experiments, and the
concentrations of ABTS free radicals were measured using an
UV-spectrometer after 10 min. The relative stability of free
laccase and encapsulated laccase were calculated by Eq. 6

Relative stability ¼ Bexp

Bmax

� 100% (6)

where Bexp is the amount of ABTS free radicals produced by
the laccase being incubated at each temperature, and Bmax is
the maximum one among all the Bexp values.

pH stabilities of the enzyme were also investigated by
putting 30 lg of free laccase and 30 immobilized laccase
capsules into 2.0 mL HAc-NaAc buffers with different pH
(0.2 mol/L, pH ranging from 2.0 to 7.0), which was equili-
brated at 37�C for an hour. Then, 48 mL HAc-NaAc
buffer (0.2 mol/L, pH 3.0) was added to each flask, the pH
value was then adjusted to 3.0, and finally the conversion
reactions were performed at the optimum conditions
(37�C, pH 3.0). The relative stability of free laccase and
encapsulated laccase in buffers at different pH values
were also calculated by Eq. 6.

Storage and recycling stability of immobilized enzymes

Free laccase solution and APSi hybrid capsules containing
encapsulated laccase were stored at 4�C and pH 7.0. At regu-
lar intervals, 30 lg free laccase and 30 APSi hybrid capsules
were added into 50 mL HAc-NaAc buffer (0.2 mol/L, pH
3.0), which was equilibrated at 37�C for 10 min. The conver-
sion reactions were then induced by adding 3 � 10�6 mol
ABTS substrate. The residual relative activities of free and
encapsulated laccase were measured by analyzing the ABTS

free radicals after 10 min. The relative storage activities of
free and encapsulated enzymes were calculated by Eq. 7

Relative storage activity ¼ Cn

C0

� 100% (7)

where Cn and C0 are the amount of ABTS free radicals
catalyzed by the enzyme after being stored for n days, and that
by fresh enzyme without any storage n ¼ 0, respectively.

In this study, the encapsulated laccases in APSi hybrid
capsules were recycled to catalyze the conversion reaction of
ABTS substrate. APSi hybrid capsules containing encapsu-
lated laccase were added into 50 mL HAc-NaAc buffer (0.2
mol/L, pH 3.0), which was equilibrated at 37�C for 10 min.
The catalytic reaction was then carried out by adding 3 �
10�6 mol ABTS substrate. After 10 min, the concentration
of ABTS free radicals was determined by an UV-spectrome-
ter at 420 nm. Subsequently, the APSi hybrid capsules were
filtered and washed three times with HAc-NaAc buffer (0.2
mol/L, pH 7.0) for further usage. Then, the capsules contain-
ing encapsulated laccases were immediately used to catalyze
the next cycle of reaction. The relative recycling efficiency
of encapsulated laccase was calculated by Eq. 8

Relative recycling efficiency ¼ En

E1

� 100% (8)

where En and E0 are the amount of ABTS free radicals in the
nth cycle and that in the first cycle, respectively.

Results and Discussion

Morphological and compositional analyses

Figure 2 shows the optical images and size distributions
of Ca-alginate spheres and capsules prepared by the coextru-
sion minifluidic approach. The prepared spheres and capsules
looked spherical, and the average diameters were 2.68 and
3.75 mm, respectively. The difference in the size was due to
the effect of osmotic pressure of the core solution. The CV
values of Ca-alginate spheres and capsules calculated by Eq.
1 were 3.62% and 3.60%, respectively. The results indicate
that both Ca-alginate spheres and capsules were highly
monodisperse.

During the silicification process, the transparent Ca-algi-
nate capsules became opaque once they contacted with prota-
mine solution, and then became white when further immersed
into Na2SiO3 solution. As shown in Figure 3, the APSi hybrid
capsules were also spherical, and the average diameter (ca.
3.34 mm) was slightly smaller than that of Ca-alginate capsu-
les. The sizes of Ca-alginate capsules increased gradually in
the buffer, however, the silicification reactions were initiated
once the Ca-alginate capsules were obtained, and the formed
silica shell inhibited the swelling of Ca-alginate capsules.
Therefore, the average size of APSi hybrid capsules was
smaller than that of Ca-alginate capsules. Figure 3a and b
show the optical image and size distribution of APSi hybrid
spheres, respectively. Obviously, the APSi hybrid spheres
were more transparent than Ca-alginate spheres. The differ-
ence in transparency might be induced by the structure varia-
tion. The average size of APSi hybrid spheres was 2.84 mm,
which was slightly larger than that of Ca-alginate spheres
because of the coating of a silica layer. The CV values of
APSi hybrid spheres and capsules were 3.44% and 4.30%,
respectively, which indicate that the APSi spheres and capsu-
les were also monodisperse.
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Figure 4 shows the SEM images of the cross-sectional
views of Ca-alginate sphere, APSi hybrid sphere and capsule.
In the sample preparation, the membrane of Ca-alginate cap-
sules was too thin (fragile) to maintain intact structures after
being freeze-dried so that no SEM images could be obtained
for the cross-sectional views of Ca-alginate capsules. As
shown in Figure 4c and e, both APSi hybrid sphere and cap-
sule distinctly exhibit core–shell structures and a dense layer
(coating) can be observed on the outer surface of the core. In
comparison, the Ca-alginate sphere (Figure 4a and b) shows a
three-dimensional (3-D) porous stromatolite structure from

core to outer surface and no distinct dense shell. Such micro-
structure is beneficial to adsorb and immobilize a large
amount of enzyme molecules due to its huge internal surface
area. It is an interesting phenomenon that the APSi hybrid
sphere exhibited a core–shell microstructure, which had con-
tinuous and uniform hybrid shell and no stromatolite structure
like the Ca-alginate sphere. In the protamine solution, the Ca-
alginate shell might adsorb protamine molecules on the sur-
face. During the following silicification process, silica grew
on the alginate/protamine shell and filled up the interstitial
spaces among alginate and protamine molecules, resulting in

Figure 2. Optical images and size distributions of the prepared Ca-alginate spheres (a,b), and capsules (c,d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Optical images and size distributions of the prepared APSi hybrid spheres (a,b), and capsules (c,d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the continuous and uniform hybrid shell. At the same time,
the Naþ ions in the solution went into the shell, further loos-
ened or even liquefied the Ca-alginate sphere by replacing the
Ca2þ ions.22,33 The shell thickness of the APSi hybrid sphere
was about 15 lm. The average thickness of dense shell of the
APSi hybrid capsule reduced significantly and was as thin as
about 2.2 lm, which is more desirable for the mass transfer
of substrates and products. Interestingly, there was a loose

layer under the dense shell of the APSi hybrid capsule. The
porous layer might be composed of alginate and protamine
molecules, and the reason may be that the Ca-alginate capsule
adsorbed less protamine molecules on the surface because of
the lack of negatively charged groups than the Ca-alginate
sphere did.

To further confirm the element composition of the APSi
hybrid shells, EDX line scan analysis was employed. Figure

Figure 4. SEM images of the cross sections of Ca-alginate spheres (a,b), APSi hybrid spheres (c,d), and APSi
hybrid capsules (e,f).

The thickness of the silica layer in (d), and (f) is marked by the arrows.

Figure 5. FEASEM image (a), and EDX scan (b) of the cross section of an APSi hybrid capsule membrane.

The local line scan curve (light blue) presents the transmembrane distribution of Si element. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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5 exhibits the FEASEM micrograph and EDX line scan
result of the cross section of the APSi hybrid shell. The Si
element (light blue) distributes throughout the cross section
of the APSi hybrid shell, however, the concentration of Si
element on the outer surface is remarkably higher than that
on the loose layer. The results reveal that a silica shell was
successfully synthesized on the surface of Ca-alginate cap-
sule by the silicification process.

Figure 6 shows the FTIR spectrum of the APSi hybrid
capsule shell. It not only shows the typical peaks of silica
(SiAOASi and SiAOH), but also peaks of protamine (NAH
and amide) and alginate (COOA), indicating that the prota-
mine was successfully introduced into the hybrid shell and
the APSi hybrid shell was fabricated as desired.

Enzymatic conversion reaction and productivity

Figure 7 shows the productivity of ABTS free radicals with
reaction time, converted by equal amount of free laccase and
encapsulated laccase in the aforementioned four carriers. Obvi-
ously, the free laccase has the highest relative activity. The
equilibrium productivity catalyzed by free laccase reached 90%
after 3 min, while that in Ca-alginate capsules was 90% after 15
min. Furthermore, the productivity catalyzed by laccase immo-
bilized in APSi capsules reached 87% after 30 min, which is
lower than that in Ca-alginate capsules. To further illustrate the
differences, the enzyme activities of free and encapsulated lac-
case were calculated and are listed in Table S1 in the Supple-
mentary Information. The expressed laccase activities immobi-
lized in Ca-alginate and APSi capsules are 129.9 and 61.8
mmol�g�1�min�1, respectively. Compared with that of free lac-

case, the relative activities in Ca-alginate and APSi capsules are
29.3% and 13.9%, which are considered to be acceptable for
enzyme immobilization. The main reason for the decrease in
the expressed enzyme activity in carriers is that the laccase is
separated and parted with substrates after immobilization, and
thus a longer time is needed for transbarrier permeation of sub-
strates and products to achieve the catalytic reaction. For Ca-al-
ginate and APSi capsules, the shell reduces the mass transfer
rate of substrates and products; therefore, the expressed activity
is reduced to some extent. Meanwhile, the productivity cata-
lyzed by laccase in Ca-alginate spheres and APSi hybrid
spheres reaches 25% after 30 min and 5% after 30 min, respec-
tively. The Ca-alginate spheres are 3-D hydrogel networks and
the silica shell of APSi spheres is as thick as about 15 lm so
that the mass transfer rate is affected significantly; therefore,
the catalytic reaction is significantly restrained. That is,
although the expressed laccase activity immobilized in the
APSi capsules is not so high, it is much greater than the
expressed laccase activity immobilized in the APSi spheres,
which clearly meets the objective of this work.

The enzymatic conversion reaction of ABTS substance
follows the Michaelis-Menten kinetics and the corresponding
parameters, the Michaelis constant (Km), and the maximum
reaction rate (Vmax), were calculated from Lineweaver-Burk
plots (Eq. 3), and their values are listed in Table 1. The
increase of Km value after immobilization is mainly caused
by the increased diffusion barrier as explained earlier, espe-
cially for the APSi spheres; as a result, the expressed activity
is reduced to some extent. Due to the same reason, the maxi-
mum reaction rate (Vmax) is also reduced after the immobili-
zation. Because of the structural difference of carriers, the
mass-transfer resistance for substrates and products across
the carrier barrier is listed in order of magnitude from small
to large as follows: Ca-alginate capsules \ APSi capsules \
Ca-alginate spheres \ APSi spheres; consequently, the Vmax

value of immobilized laccase in capsules is significantly
higher than that in spheres.

Swelling characteristics

The swelling coefficient of polymeric particle is a charac-
teristic parameter for evaluating its stability. The alginate
carriers swelled significantly in solution, leading to the leak-
age of enzyme molecules. As shown in Figure 8, the swel-
ling degree of Ca-alginate spheres is as high as 40%, and
that of Ca-alginate capsules is approximately 20%. In this
study, the silica shell was fabricated to inhibit the swelling
behavior and prevent the loss of laccase. As expected, the
swelling degrees of APSi hybrid spheres and APSi hybrid
capsules were close to 0%, which indicates that there was no
significant change in particle size during the enzymatic con-
version reaction and the swelling behaviors have been com-
pletely inhibited after the coating of silica layer. Therefore,
both APSi hybrid capsules and spheres significantly pre-
vented the leakage of the enzyme. From the data of all of

Figure 6. FTIR spectrum of the APSi hybrid capsule
membranes.

Figure 7. Effect of the carrier structure on the produc-
tivity of ABTS free radicals with reaction time.

Table 1. Kinetic Parameters for Free and Encapsulated
Laccase

Laccase Km (mmol�L-1) Vmax (mol�L-1�min-1)

Free 0.1967 29.6077
Ca-alginate Capsules 0.2194 17.1274
APSi Capsules 0.2885 10.8732
Ca-alginate Spheres 0.3259 6.3715
APSi Spheres 0.5885 1.2145
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the enzymatic conversion productivity, Michaelis constant
(Km), the maximum reaction rate (Vmax), and the swelling
coefficient, the APSi hybrid capsules with ultrathin mem-
branes were the best carriers for the laccase immobilization.
Therefore, APSi hybrid capsules with ultrathin membranes
were chosen for further investigations.

Optimum temperature and pH for enzymatic conversion

The relative catalytic activities of both free laccase and
encapsulated laccase in APSi hybrid capsules with reaction
temperature are shown in Figure 9a. The enzyme activity
increases gradually with the surrounding temperature first,
and as the temperature is higher than a certain value the ac-
tivity decreases immediately due to the denaturing of the

enzyme. As the temperature was above 60�C, most of the
enzyme was denatured, resulting in a distinct decline of its
catalytic efficiency. The optimum conversion temperature for
free laccase is 37�C, while that for encapsulated laccase in
APSi capsules is 40�C. Furthermore, the relative activity of
the encapsulated laccase was almost always higher than that
of free laccase for a given temperature. This might be attrib-
uted to the protection of the enzyme, provided by both the
APSi hybrid shell and the liquid Na-CMC core solution.

The relative activities of both free laccase and the encap-
sulated laccase in APSi capsules corresponding to different
pH values are shown in Figure 9b. The highest activity of
free laccase was obtained at pH 3.5, while that of encapsu-
lated laccase in APSi capsules was obtained at pH 3.0. Com-
pared with the free laccase, the encapsulated laccase in APSi
capsules displayed a higher catalytic efficiency at pH varying
from 2.0 to 7.0. This might be due to the protection of the
enzyme by both APSi hybrid shell and the liquid Na-CMC
core solution, which led to a less sensibility to ambient pH
and a better catalytic activity. The results show that the
encapsulated laccase in APSi capsules was more adaptable
than free laccase, indicating that higher thermal and pH
stabilities might be achieved by the encapsulation. To con-
firm this assumption, the thermal and pH stabilities of free
and encapsulated laccase were also measured.

Thermal and pH stabilities of encapsulated laccase in
APSi capsules

As shown in Figure 10, the encapsulated laccase in APSi
capsules exhibits higher activity at temperatures of 20–60�C
and pH 2.0–5.0 than the free laccase. With the increase of
temperature or decrease of pH value, the relative activities

Figure 8. Swelling characteristics of different carriers
for enzyme immobilization.

Figure 9. Effects of temperature (a), and pH (b) on the
relative activities of free laccase and encap-
sulated laccase in APSi hybrid capsules.

Figure 10. Thermal (a), and pH (b), stabilities of free
laccase and encapsulated laccase in APSi
hybrid capsules.
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of both free and encapsulated laccase decrease gradually.
However, for encapsulated laccase in APSi capsules, about
40% of enzyme activity remained after incubating at 50�C
for 1 h, whereas only 5% of the free laccase activity
remained after the same operation. Additionally, the encap-
sulated laccase displayed good pH stability at pH 3.0–7.0,
but the relatively activity of free laccase was only about
65% at pH 3.0. This indicates that the thermal and pH stabil-
ities of laccase have been improved significantly after being
encapsulated in APSi capsules, due to the protection by
APSi hybrid shells and Na-CMC core solution. The APSi
hybrid shell inhibited the swelling to prevent loss of laccase
from the liquid core. The electrostatic repulsive interaction
between laccase and Na-CMC molecules and the suspending
effect of Na-CMC molecules might also maintain effectively
the conformation of laccase, and prevent it from disintegrat-
ing. It should be pointed that the optimum temperature of
the encapsulated laccase in APSi capsules is 40�C (Figure
9), while the thermal stability at 40�C is lower than that at
37�C (Figure 10). Therefore, the operation temperature and
pH of ABTS conversion reaction for encapsulated laccase in
APSi capsules was selected as 37�C and 3.0, respectively in
the subsequent experiments.

Storage and recycling stability of encapsulated laccase
in APSi capsules

Both free and encapsulated laccase were stored at 4�C,
and the data of the storage stabilities are shown in Figure
11. The relative catalytic activity of free laccase decreased
rapidly to 66% after 1 day and went down continuously. 20

days later, only 12% of the enzyme activity remained. In
contrast, the storage stability of the encapsulated laccase was
significantly higher. The catalytic activity decreased by only
3% after 1 day storage. Although the activity also decreased
with the increase of storage time, the remaining activity kept
as high as 67% after 20 days. This may be considered to be
due to protection by the liquid core solution and APSi
hybrid shell. Both electrostatic repulsive interaction and sus-
pending effect provided by Na-CMC molecules might effec-
tively maintain the multilayer structures of laccase.

The recycling stability of the encapsulated laccase in
APSi capsules is illustrated in Figure 12. Although the rela-
tive activity decreases remarkably in the first three cycles, it
shows a good result in the following seven cycles, and about
45% of the enzyme activity remains in the 10th cycle. This
may be because the electrostatic repulsion and suspending
effect of the core solution prevented the laccase leaking.
Additionally, the hybrid shell inhibited the swelling and
improved the mechanical strength of APSi hybrid capsule
during the recycle.

Conclusion

In this study, a novel type of core–shell APSi hybrid cap-
sules with ultrathin membranes has been successfully devel-
oped for immobilization of laccase as a model enzyme. The
prepared hybrid capsules were highly monodisperse, and the
average diameter was about 3.34 mm. The APSi hybrid
shells obviously inhibited the swelling of alginate carriers to
prevent the laccase leaking. The optimum temperature and
pH of the encapsulated laccase for ABTS substance were
found to be 37�C and 3.0, respectively. Compared with free
laccase, the immobilized laccase in APSi capsules had sig-
nificantly higher thermal, pH and storage stabilities. The re-
sidual relative activity of the encapsulated laccase in APSi
capsules still remained at 45% after 10 cycles. The prepara-
tion method of APSi hybrid capsules in this study may be
extended as a general technique to yield a variety of promis-
ing products, such as microreactors, carriers for cell encapsu-
lation and other enzymes.
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