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Organic-inorganic composite microcapsules made of sodium poly(styrenesulfonate) (PSS),
poly(dimethyl diallyl ammonium chloride) (PDADMAC), and biomimetic silica were successfully
fabricated via a combination of layer-by-layer self-assembly and biomimetic mineralization. The
morphologies and chemical compositions of the microcapsules (denoted by (PSS/PDADMAC)2-Si02)
were characterized using scanning electron microscopy, Fourier-transform infrared spectroscopy,
and thermogravimetric analysis. The composite microcapsules were used as carrier for the immobi-
lization of glucose oxidase (GOD). GOD encapsulated in (PSS/PDADMAC).-SiO2 (denoted by
GOD@(PSS/PDADMAC):-Si02) displayed improved thermal, pH, and operational stabilities. The
activity recovery of the immobilized GOD reached 72.85% under the optimized conditions.
GOD@(PSS/PDADMAC)2-Si02 showed a 2.21-fold increase in the Michaelis constant (Kn) compared
with free GOD. The composite microcapsules have the potential for a range of applications in chem-
ical/biological catalysis and drug/gene delivery systems, and as biosensors.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

pared with polyelectrolyte capsules, organic-inorganic compo-
site microcapsules often have excellent properties such as su-

Micro-sized polyelectrolyte capsules, which are prepared
using layer-by-layer (LbL) self-assembly, have emerged as at-
tractive materials in the fields of enzyme immobilization and
controlled drug delivery [1]. These microcapsules can be pro-
duced from a wide variety of building blocks and have promis-
ing features such as ultra-thin walls and ease of functionaliza-
tion as a result of the chelating effect of charged groups [2,3].
Enzymes encapsulated in these microcapsules are in a
non-complexed state (i.e, in the free form) and exhibit high
activity and reusability [4]. Various enzymes have therefore
been incorporated into the cavities of microcapsules. Com-

perior physicochemical and mechanical stabilities and high
resistance to organic solvents. Substituting the organic shell by
an organic-inorganic composite can therefore significantly in-
crease the microcapsule functionality, and such microcapsules
potentially have wide applications in catalysis, energy, and
medicine [5-7]. However, several problems encountered in
preparing composite microcapsules, such as separate prepara-
tion of the inorganic nanoparticles prior to electrostatic ad-
sorption and difficulties associated with optimization of the
solution conditions, need to be overcome [5-13].

Recently, a novel approach to prepare organic-inorganic
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composite microcapsules, combining LbL self-assembly and
biomimetic mineralization, was proposed by Jiang et al. [11].
Biomimetic mineralization, which mimics the natural process,
uses biological molecules to template the formation of inorgan-
ic materials under ambient conditions [14-17]. More specifi-
cally, these composite microcapsules were fabricated by alter-
nating deposition of positively charged polyelectrolyte layers
and negatively charged polyelectrolyte layers on the surfaces of
CaCO3 microparticles. Then the inorganic layer was constructed
through a biomimetic mineralization process induced by the
positively charged polyelectrolyte layer, followed by removal of
the CaCO3 microparticles. The as-prepared microcapsules were
used to immobilize enzymes and the encapsulated enzymes
showed considerably enhanced stabilities [12]. The combina-
tion of LbL self-assembly and biomimetic mineralization can
therefore be regarded as a versatile bottom-up nanofabrication
technique for preparing composite microcapsules [3]. Jiang et
al. [11] also used this technique to develop a capsules-in-bead
microreactor comprising silica-based composite microcapsules
to construct a spatially separated multienzyme cascade system,
which demonstrated the exciting potential of multienzyme
catalysis applications; however, more extensive exploitation is
still required.

In recent years, an approach combining LbL self-assembly
with biomimetic mineralization has been used to prepare a
variety of organic-inorganic composite materials. For example,
Sandhage and his coworkers [18] used this approach to pre-
pare freestanding microscale titania structures, whose mor-
phologies were derived from complex-shaped, three-dimen-
sional biosilica templates (diatom frustules). Freestanding,
aligned, porous-wall titania nanotube arrays were also pre-
pared by this process. They also described a method for en-
zyme immobilization in conformal mineral nanocoatings using
this method [19]. Jan et al. [20] applied this approach to the
synthesis of polypeptide/silica and polypeptide/gold nanopar-
ticle/silica composite materials. Hybrid double-membrane
microcapsules (HDMMCs) with mitochondria-like structures
were also constructed through synergy between biomimetic
mineralization and LbL self-assembly using a double-template-
ing strategy. The HDMMCs were used to construct a multien-
zyme system, and the enzymatic activity, selectivity, and recy-
cling stability of the multienzyme system were significantly
better than those of encapsulated multienzymes in sin-
gle-compartment microcapsules or in the free form [21].

Glucose oxidase (GOD), a dimeric enzyme with a molecular
weight of 160 kDa, is commonly used in biosensors and bio-
catalysis. Many methods have been used to immobilize GOD
[22-25]. However, to the best of our knowledge, there has been
no report of GOD immobilization using a combination of LbL
self-assembly and biomimetic mineralization. In the current
study, (PSS/PDADMAC),-SiO2 microcapsules were fabricated
using a combination of LbL assembly and biomimetic silicifica-
tion. PDADMAC, which is positively charged, and PSS, which is
negatively charged, were alternately deposited onto CaCOs3
templates. An inorganic silica layer was then fabricated via
biomimetic silicification induced by the outer PDADMAC layer.
The PDADMAC layer served not only as the “electrostatic glue”

for LbL assembly, but also as a catalyst for formation of the
silica layer [26]. The prepared microcapsules were character-
ized using Fourier-transform infrared spectroscopy (FT-IR),
thermogravimetric analysis (TGA), and scanning electron mi-
croscopy (SEM). These microcapsules were employed to im-
mobilize GOD. The thermal, pH, and reusabilities of the encap-
sulated GOD were investigated. Finally, the Michaelis constant
(Km) and the maximal velocity (Vmax) values of free and encap-
sulated GOD were measured.

2. Experimental
2.1. Preparation of microcapsules and enzyme immobilization

PSS (20 wt%), PDADMAC, GOD, and horse radish peroxidase
(HRP) were purchased from Sigma-Aldrich. All reagents were
of analytical grade and used without further purification.

CaCO3 microparticles were prepared as follows. First, PSS
(300 mg) was added to 10 ml of CaClz:2H20 solution (0.33
mol/L). Next, 10 ml of Na2CO3 solution (0.33 mol/L) were rap-
idly added to the mixture. After vigorous agitation for 20 s, the
reaction mixture was left for 20 min to allow transformation of
the amorphous primary CaCOs precipitate to spherical micro-
particles. The resultant CaCOs microparticles were centrifuged
and thoroughly washed with water. The enzyme-loaded CaCOs3
microparticles were prepared using a coprecipitation proce-
dure. First, GOD (2 mg) and PSS (300 mg) were added to 10 ml
of CaClz:2H20 solution (0.33 mol/L). CaCO3 microparticles with
GOD were then prepared using the procedure described above.

In the preparation of the (PSS/PDADMAC)» microcapsules,
the prepared CaCOs microparticles were dispersed in PSS solu-
tion (5 mg/ml, pH 7.0) containing NaCl (0.5 mol/L) under mild
shaking. After shaking for 15 min, the CaCO3 microparticles
coated with PSS were collected by centrifugation and washed
three times with water to remove residual PSS. These micro-
particles were then suspended in PDADMAC solution (2 mg/ml,
pH 7.0) containing NaCl (0.5 mol/L) for 15 min under mild
shaking. After centrifugation and washing three times with
water, CaCO3 microparticles coated with one PSS layer and one
PDADMAC layer were obtained. This procedure was repeated
until the desired number of layers had been deposited. The
(PSS/PDADMAC)» microparticles were obtained after removal
of CaCOs by incubating the microparticles in HCI solution (0.02
mol/L).

Hydrolyzed tetramethyl orthosilicate (TMOS) was used as
the silica precursor for the preparation of (PSS/PDADMAC)»-
SiO2. (PSS/PDADMAC), microparticles with an outer layer of
PDADMAC were incubated in hydrolyzed TMOS solution (0.03
mol/L, pH 7.0) for 15 min, followed by centrifugation, washing,
and removal of CaCOs.

The (PSS/PDADMAC). and (PSS/PDADMAC)»-SiOz for en-
zyme encapsulation were prepared using the above en-
zyme-loaded CaCO3 microparticles.

To examine the leakage of GOD from the microcapsules,
GOD-encapsulated microcapsules with different numbers of
bilayers were added to 5 ml of Tris-HCI buffer solution (0.05
mol/L, pH 7.0) and incubated for a period of time at room
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temperature. The mixture was then centrifuged, and the GOD
content of the supernatant was determined by the mi-
cro-Bradford method [27] using an ultraviolet (UV) spectro-
photometer (UV-1600, Mapada, Shanghai, China). The micro-
capsules were resuspended in 5 ml of fresh buffer solution, and
the procedure described above was repeated. The GOD leakage
was defined as the ratio of the cumulative amount of GOD
leaked to the initial amount of immobilized GOD.

2.2. Characterization

For SEM images, samples were prepared by dropping a mi-
crocapsule suspension onto a clean glass slide, air drying, and
sputtering with gold. The images were obtained using a JEOL
JSM-6700F (Japan) instrument. FT-IR spectra of the microcap-
sules were obtained using a Bruker Vector-22 (Germany) spec-
trometer. TGA using a NETZSCH STA 409 PC/PG analyzer
(Germany) was performed to confirm the contents and de-
composition behavior of the microcapsules. The temperature
was increased from 34 to 800 °C at a rate of 10 °C/min, and
data were collected in an air atmosphere.

2.3.  Determination of GOD activity and stability

A colorimetric method based on Trinder’s reaction was used
for the determination of GOD activity and stability [1]. The GOD
activity unit (U) was defined as 0.001 changes in absorbance
per second at 25 °C (the highest activity was taken as 100%).
Briefly, free and encapsulated GOD were allowed to react with
1.5 ml of A and 1.5 ml of B for 2 min, where A was a mixture of
HRP (3.5 mg), 4-aminoantipyridine (4-AAP, 3.5 mg), phosphate
buffer solution (PBS, 0.2 mol/L, 20 ml, pH 7.0), and phenol (3
wt%, 1 ml), and B was a glucose solution (13 wt%). H202 was
generated in situ by the reaction of glucose with air, using GOD
reacted with phenol and 4-AAP, catalyzed by HRP. The colored
product formed during the reaction was detected using UV
spectroscopy at 500 nm, and the activity of the enzyme was
then calculated.

The thermal and pH stabilities were determined by meas-
uring the activities of GOD exposed to different temperatures
(25-60 °C) and PBS (pH 4.0-8.0) for 1.5 h.

The operational stabilities of the encapsulated GOD were
tested by measuring the enzyme activity in each successive
reaction cycle and were expressed as the recycling operational
stability. The encapsulated GOD was allowed to react with 1.5
ml of A and 1.5 ml of B for 2 min at the optimum pH and tem-
perature. The encapsulated GOD was filtered off and rinsed
with distilled water, and then redispersed in fresh reaction
medium for the next reaction cycle. The process was repeated
six times. The relative operational stability was calculated by
(residual enzyme activity in the nth cycle)/(enzyme activity in
the first cycle) x 100%.

Free and encapsulated GOD were stored at 4 °C for 33 d.
Every third day, the activities of free and encapsulated GOD
were measured. The relative storage stability was calculated by
(residual enzyme activity after n days)/(initial enzyme activity)
x 100%.

Km and Vmax were determined at the optimum pH and 25 °C
using the Michaelis-Menten model. To determine the Km and
Vmax values, the activity assay was applied to different glucose
concentrations (0.0056-0.05 mmol/L), and the activities of free
and encapsulated GOD were then measured. The kinetic pa-
rameters for both free and the immobilized GOD were calcu-
lated accordingly.

3. Results and discussion

3.1. Structures and properties of the organic-inorganic
composite microcapsules

FT-IR spectra of the microcapsules are shown in Fig. 1. The
vibration bands at 3439, 1646, and 1473 cm-! were ascribed to
vibrations of the amino group of PDADMAC. The absorption
bands at 1183 cm-! (S=0 asymmetric stretching) and 1040
cm-! (S=0 symmetric stretching) were the characteristic bands
of PSS. Unlike (PSS/PDADMAC)2, the FT-IR spectrum of
(PSS/PDADMAC)2-SiO2 clearly shows a peak at 1090 cm-1,
which was attributed to Si-O-Si band [28].

The TGA curves of the microcapsules are shown in Fig. 2.
The small weight loss of the samples with increasing tempera-
ture from 30 to 120 °C was attributed to moisture evaporation.
A rapid weight loss was then observed in the range 250-800 °C,
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Fig. 1. FT-IR spectra of microcapsules. (1) (PSS/PDADMAC)2; (2)
(PSS/PDADMAC)2-SiOx.
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Fig. 2. TGA curves of microcapsules. (1) (PSS/PDADMAC)z; (2)
(PSS/PDADMAC)2-SiO2.
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Fig. 3. GOD leakage from GOD@(PSS/PDADMAC)-SiO2 (n =1, 2, 3).

which can be ascribed to oxidation of PSS and PDADMAC. In the
TGA curve of (PSS/PDADMAC)2-SiO2, a 55% weight loss was
observed from 250 to 800 °C. However, a 100% weight loss
was observed at 800 °C in the TGA trace of (PSS/PDADMAC)a.
These results demonstrated the formation of silica in the shell
of the composite microcapsules.

The GOD leakage profiles for (PSS/PDADMAC)»-SiO2 micro-
capsules with different numbers of layers were examined and
compared, as shown in Fig. 3. About 73.6% of GOD leaked out
of (PSS/PDADMAC)1-SiOz within 5 h, whereas about 6.9% and
5.7% of GOD leaked out of (PSS/PDADMAC).-SiO2 and (PSS/
PDADMAC)3-Si0z, respectively, within 5 h. As can be seen, as
the layer number increased, GOD leakage decreased. The mi-
crocapsule permeability can therefore be readily tuned using
the layer number. Although the leakage rate for
(PSS/PDADMAC)3-Si02  was  lower than that for
(PSS/PDADMAC);-Si0O2, the (PSS/PDADMAC)3-SiO2 preparation
process was complex and the mass-transfer resistance was
higher, so (PSS/PDADMAC)2-SiO2 was chosen as the ideal car-
rier.

SEM images of (PSS/PDADMA); and (PSS/PDADMA)2-SiO2
are shown in Fig. 4. The (PSS/PDADMA)2 morphology after
drying had folds and creases, suggesting a hollow structure and
low mechanical strength of the capsule wall. However,
(PSS/PDADMAC)2-SiO2 kept a regular spherical shape. Their
diameters were around 3 pm. These results indicated that the
shell of (PSS/PDADMAC)2-SiO2 had strong mechanical strength,
which could be attributed to the formation of silica layers. In
contrast, (PSS/PDADMAC)2 microcapsules composed of organic

Fig. 4. SEM images of microcapsules. (a) (PSS/PDADMAC)z; (b)
(PSS/PDADMAC)2-SiO2.

polyelectrolytes often collapsed after drying as a result of their
weak mechanical strength. (PSS/PDADMAC)2-SiO2 may there-
fore be better than (PSS/PDADMAC): for applications in en-
zyme immobilization and drug delivery [14].

3.2. Stability of free and encapsulated GOD

Figure 5 shows that the highest activity of free GOD,
GOD@(PSS/PDADMAC)2, and GOD@(PSS/PDADMAC)2-SiO2
were all 238.60 U. The highest activity was taken as 100%. In
Fig. 5(a), it can be seen that free GOD, GOD@(PSS/PDADMAC)z2,
and GOD@(PSS/PDADMAC)2-SiO2 showed maximum activities
at pH 5.5. At pH 4.0, the two types of encapsulated GOD re-
tained more than 50% of their initial activities. When the pH
was switched from 5.0 to 8.0, GOD@(PSS/PDADMAC)2-SiO2
retained about 70% of its initial activity, which was higher than
that retained by GOD@(PSS/PDADMAC)2. However, its soluble
counterpart retained about 40% of its original activity at pH 8.0
and about 43% at pH 4.0. The resistance of the encapsulated
enzyme against changes in the acidity and alkalinity of the me-
dium was tentatively explained by the buffering effect of the
interior PDADMAC layer. PDADMAC is a weak polyelectrolyte
and positively charged under the pH test conditions, so it could
tune the local pH to some extent if the bulk pH changed, as a
result of abundant =NH/=NHz* and -NHz/-NH3* pairs (a buff-
ering effect). The pH change in the capsule microenvironment
was therefore thought to be smaller than that in the bulk solu-
tion. Besides dissociation of protons from the amino groups, at
high pH, the residual silanol (Si-OH) groups could dissociate
into Si-O" species [29]. GOD@(PSS/PDADMAC).-SiO: therefore
retained more initial activity at high pH.

It can be seen from Fig. 5(b) that when the temperature
reached 60 °C, for GOD@(PSS/PDADMAC)2-Si02, 60% of the
initial activity was still retained, whereas
GOD@(PSS/PDADMAC): and free GOD retained 53% and 50%,
respectively, of their initial activities. The results showed that a
high temperature had more significant effects on free GOD and
GOD@(PSS/PDADMAC)a.

Operational stability is a critical issue for immobilized en-
zymes. Figure 5(c) shows that GOD@(PSS/PDADMAC)2-SiO2
retained about 82% of its initial activity after recycling six
times. However, GOD@(PSS/PDADMAC): retained about 49%
of its initial activity after recycling six times. The high opera-
tional stability of (PSS/PDADMAC)2-SiO2 could be attributed to
its inorganic shell, which played a very important role in pro-
tecting GOD from leaching.

Figure 5(d) shows that the storage stabilities of the free and
encapsulated GOD were similar after storage for 33 d; they
retained about 70% of their initial activities. Loss of enzyme
activity during storage is usually the result of protein degrada-
tion by microbes [14].

From all the above results, it was reasonable to believe that
GOD@(PSS/PDADMAC)2-Si02 microcapsules exhibited good
adaptability to harsh conditions because they provided suitable
microenvironments for the encapsulated enzymes.
GOD@(PSS/PDADMAC)2-Si02 showed higher tolerance and
stability than free GOD and GOD@(PSS/PDADMAC)z.
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Fig. 5. Relative activities of free and encapsulated GOD at different pH (a) and temperature (b), and operational stabilities (c) and storage stabilities

(d) of free and encapsulated GOD.

3.3.  Kinetic studies of free and encapsulated GOD

The effect of immobilization on the kinetic parameters was
studied by measuring the initial reaction rates of the consump-
tion of glucose catalyzed by free and encapsulated GOD at var-
ious glucose concentrations [30]. The Lineweaver-Burk plots
for free and encapsulated GOD are shown in Fig. 6. The Kn and
Vmax values were calculated from the slopes and intercepts,
respectively, of the straight lines.

The data in Table 1 show that Km of the immobilized GOD
was higher, and Vmax was lower, than those of free GOD. The K
indicates the affinity of an enzyme with a substrate, and a lower
value of Km means a higher affinity between an enzyme and a
substrate [31]. The increase in Km after immobilization indi-
cated weaker binding between the glucose molecules and the
immobilized GOD. The decreased Vmax of the immobilized GOD
could be caused by additional diffusion limitation to the sub-
strate (glucose) and the product (H202), caused by the layers of
the microcapsule, resulting in low accessibility of the substrate
to the active sites of GOD, consequently resulting in a lower
possibility of enzyme-substrate complex formation. In addition,
the Km of GOD@(PSS/PDADMAC)2-SiO2 was higher than that of
GOD@(PSS/PDADMAC)z, but the Vmax of the former was lower,
which are attributed to the additional diffusion resistance
caused by the inorganic shell, as shown in Table 1.
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Fig. 6. Lineweaver-Burk plots for free and encapsulated GOD.

Table 1

Kinetic parameters for free and encapsulated GOD.

GOD Km (mmol L-1) Vinax (mol min-1)
Free GOD 22.55 0.4948
GOD@(PSS/PDADMAC): 42.45 0.06158
GOD@(PSS/PDADMAC):-SiO2 43.68 0.06454
GOD@(PSS/PDADMAC)2-SiO2 49.88 0.05623
GOD@(PSS/PDADMAC)3-Si02 56.21 0.05282
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4. Conclusions

GOD was successfully immobilized in organic-inorganic
composite microcapsules using a combination of layer-by-layer
(LbL) assembly and biomimetic mineralization. The LbL
self-assembly and biomimetic mineralization took place under
mild reaction conditions and provided an excellent support for
enzyme immobilization. Compared with free GOD and
GOD@(PSS/PDADMAC);, GOD@(PSS/PDADMAC)2-Si02 was
better at enhancing enzyme stability against changes in tem-
perature and pH, and during long-term storage. These organ-
ic-inorganic composite microcapsules will be useful in applica-
tions such as chemical/biological catalysis and drug/gene con-
trolled release.
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Glucose oxidase (GOD) was immobilized in organic-inorganic composite microcapsules using a combination of layer-by-layer assembly
and biomimetic mineralization. The encapsulated GOD exhibited distinct advantages in terms of thermal, pH, and operational stabilities.
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