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bstract

A novel alginate–silica nanotubes (ALG–SiNTs) composite was prepared through the incorporation of silica nanotubes (SiNTs) into the alginate
ALG) gel followed by Ca2+ cross-linking for encapsulating yeast alcohol dehydrogenase (YADH, EC 1.1.1.1) from Saccharomyces cerevisiae.
re-adsorption of YADH onto the surface of SiNTs before encapsulating in alginate gel was adopted to circumvent the enzyme leakage. AFM
nd SEM characterization confirmed that YADH molecules were substantially adsorbed on the SiNTs. SEM and EDX studies showed that the
iNTs homogenously distributed in alginate matrix. The enzyme leakage from ALG–SiNTs–YADH composite was remarkably reduced about 50%
ompared to that of ALG–YADH composite. Meanwhile, the optimum reaction condition, catalytic activity and kinetic parameters of immobilized

ADH in ALG–SiNTs composite were studied. The results showed that stronger affinity between substrates and enzyme, higher activity retention,

mproved storage and operational stability were achieved when YADH was immobilized in ALG–SiNTs composite instead of ALG–YADH
omposite.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A promising bio-pathway to convert greenhouse gas to
ethanol through three sequential enzymatic reaction cat-

lyzed by co-immobilized formate dehydrogenase (FateDH),
ormaldehyde dehydrogenase (FaldDH) and alcohol dehydro-
enase (ADH) in silica gel has been presented in our previous
tudy [1]. To deeply understand the whole process and increase
he yield of methanol, it is necessary to study each separate enzy-

atic reaction. In this study, we will focus on the immobilization
f yeast alcohol dehydrogenase for converting formaldehyde to
ethanol.
Polymer–silica hybrid composites have emerged as a novel

lass of materials, which may find promising applications for
nzyme encapsulation with the potential use in biomedical,

iocatalysis, bioseparation and biosensing areas [1–5]. Among
hose silica materials, nanosized silica materials such as nano-
ized silica xerogels and silica nanotube have been investigated
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nd proved to be an ideal enzyme carrier due to high chemical
nd thermal stability, large surface area, and good compatibil-
ty with the environment [6]. Ding et al. have employed fine-
tructured silica nanotubes (SiNTs) as enzyme immobilization
arrier to adsorb lysozyme. It was found that both immobi-
ization efficiency and the bioactivity of immobilized lysozyme

olecules were increased whereas desorption of enzyme would
appen and thus cause the enzyme leakage in the long term run
7].

Therefore, incorporating SiNTs into polymer would be an
ffective approach to efficiently encapsulate enzymes, which
ould combine the adsorption of enzyme cooperating with the
age effect of the polymer and potentially increase the activity
nd stability of the immobilized enzyme.

The polymer used in present study is alginate (ALG) gel,
hich is one of the most widely used polysaccharides for enzyme

mmobilization owing to their superior biocompatibility, abun-
ance in natural source from seaweed, low cost and easy prepa-

ation [8–12].

In this study, the alginate–silica nanotubes (ALG–SiNTs)
ybrid composite prepared by the incorporation of silica nan-
tube into the alginate gel followed by Ca2+ cross-linking was

mailto:zhyjiang@tju.edu.cn
dx.doi.org/10.1016/j.molcatb.2006.06.026
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batch operation mode at optimum conditions with the exper-
S. Xu et al. / Journal of Molecular C

sed for encapsulating yeast alcohol dehydrogenase (YADH, EC
.1.1.1) from Saccharomyces cerevisiae.

The enzyme leakage, enzyme activity retention, optimum
emperature and pH, storage and recycling stability of YADH
mmobilized both in alginate gel (ALG) and ALG–SiNTs com-
osite were investigated. The enzymatic activity of immobilized
ADH for reduction of formaldehyde to alcohol with using
icotinamide adenine dinuncleotide (NADH) as coenzyme was
valuated by kinetic parameters.

. Materials and methods

.1. Materials

Yeast alcohol dehydrogenase (YADH, EC 1.1.1.1) and
educed nicotinamide adenine dinuncleotide (NADH, grade I,
8%) were purchased from Sigma, USA. Sodium alginate (aver-
ge molecular weight 6.27 × 105) was purchased from Shanghai
ianlian, China. Silica nanotubes were kindly donated from Jilin
niversity, China. Tris (hydroxymethyl amnomethane, 99.5%)
as used to prepare the 0.05 M, pH 7.0 Tris–HCl buffer. All
ther chemicals were of analytical grade.

.2. Immobilization of YADH in ALG gel beads

Sodium alginate was dissolved in deionized water at a final
oncentration of 2.5% (w/v). Four milliliters of the alginate
olution was mixed with the enzyme stock solution prepared
y dissolving 0.24 mg of YADH in 1.0 ml of, 0.05 M, pH 7.0
ris–HCl buffer. This mixture formed was then added dropwise

nto the 20 ml, 0.2 M CaCl2 solution through a 0.7 mm injection
eedle under constant stirring. The beads, thus formed rapidly,
ere cured in the gelation media for 30 min and then taken out,

ollected by filtration, rinsed with deionized water several times
nd stored in the deionized water. All procedures were carried
ut at room temperature.

.3. Immobilization of YADH in ALG–SiNTs composite

Four milligrams of silica nanotubes, which were well dis-
ersed by ultrasonic prior to use, was mixed with an enzyme
tock solution prepared by dissolving 0.24 mg of YADH in
.0 ml of 0.05 M, pH 7.0 Tris–HCl buffer and kept for 12 h to
nsure that the adsorption equilibrium of YADH on SiNTs was
chieved. Then this mixture solution was mixed with a 4 ml of
.5% (w/v) alginate solution and the rest of procedure was as
ame as the procedure of immobilizing YADH in alginate gel
eads.

.4. Characterization

The adsorption of YADH on SiNTs was confirmed by both

tomic force microscopy (AFM) and transmission electron
icroscope (TEM) (JEM-100 CXII, JEOL). The cross-sectional
orphology of ALG gel and ALG–SiNTs composite were stud-

ed by using SEM. The existence of SiNTs in the alginate matrix

i
A
a
a

sis B: Enzymatic 43 (2006) 68–73 69

as confirmed by means of energy dispersive X-ray spectrom-
ter (EDX) (XL-30 ESEM, Philip).

.5. Leakage of immobilized YADH

ALG–SiNTs composites and ALG gel beads containing
ADH were firstly incubated in 20 ml, 0.2 M CaCl2 aqueous
olution for initial 4.5 h gelling period and then were transferred
nto a 20 ml of 0.05 M, pH 7.0 Tris–HCl buffer which was used
s releasing medium for 20 h at 25 ◦C. The enzyme leakage
uring this procedure was determined by continuously measur-
ng its absorbance at 280 nm using UV–vis spectrophotometer
U-2800, Hitachi). Meanwhile, the water loss during the bead
ormation was determined by the weight change of the beads.

.6. Activity assays of immobilized YADH

The kinetic of YADH-catalyzed reduction of formaldehyde
o methanol coupling with the oxidation of NADH to NAD+ was
tudied (Eq. (1)).

H2O + NADH + H+YADH� CH3OH + NAD+ ≤ (1)

The enzyme activity was determined spectrophotometrically
y directly measuring the decrease in absorbance of NADH
t 340 nm. The standard assay was carried out in 0.05 M,
H 7.0 Tris–HCl buffer containing different concentrations of
CHO and NADH at optimal pH and temperature. The kinetic
arameters, maximum velocity of the reaction (Vmax) and the
ichaelis–Menten constant (Km) were determined according to
alziel’s equation [13] as well.
To determine the optimum pH and temperature of immobi-

ized YADH, the activity assays were carried out over tempera-
ure range of 20–50 ◦C in 0.05 M, pH 7.0 Tris–HCl buffer and
H range of 6.0–8.0 in 0.05 M Tris–HCl buffer at 25 ◦C. The
ighest activity of free YADH under its optimum condition was
ssigned to be 100% and the relative activities of immobilized
ADH were defined as the ratio of its activity to the highest
ctivity of free YADH.

The recycling and storage stability of ALG–SiNTs–YADH
nd ALG–YADH biocomposites were investigated, respectively.
he enzyme activity retention of the immobilized YADH was
etermined as described in activity assays.

To evaluate the recycling stability of immobilized YADH,
he biocomposite beads were collected after each reaction run
nd washed with 0.05 M, pH 7.0 Tris–HCl buffer to remove
esidual substrate and product within the beads. The beads were
hen reintroduced into fresh reaction media and enzyme activi-
ies were determined in a batch operation at optimum operating
onditions.

The storage stability of immobilized YADH stored in the
.05 M, pH 7.0 Tris–HCl buffer at 4 ◦C was measured in a
mental conditions given above. Taking the initial activity of
LG–SiNTs–YADH biocomposite to be 100%, the relative

ctivities of immobilized YADH was defined as the ratio of the
ctivity to the initially activity.



70 S. Xu et al. / Journal of Molecular Catalysis B: Enzymatic 43 (2006) 68–73

e (a) and after (b) adsorption of YADH.
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Fig. 1. TEM image of SiNTs befor

. Results and discussion

.1. Characterization

The immobilization of YADH on SiNTs was investigated by
EM and AFM. TEM images of SiNTs before and after incu-
ating in enzyme stock solution for 12 h are shown in Fig. 1a
nd b. It can be clearly observed that some YADH molecules
re indeed adsorbed on the SiNTs. Fig. 2a and b show the AFM
mages of SiNTs without and with adsorbed YADH molecules,
espectively. Before the enzyme immobilization, the outer diam-
ters of SiNTs are quite close throughout the whole length. After
he enzyme immobilization, it is observed in Fig. 2b that the
ubes were covered with certain amount of enzymes and the
uter diameters became uneven. The TEM and AFM images
onfirmed that the YADH molecules have been substantially
mmobilized in SiNTs by adsorption.

The structure of ALG–SiNTs composite and the distribution
f the SiNTs in the composite are observed by SEM equipped
ith EDX (Figs. 3 and 4). As shown in Fig. 3, many tublar

tructure materials are found to be implanted into the alginate
atrix. EDX spectrum confirms the existence of element Si

hich arises from SiNTs doped in the alginate. In addition,

he SEM image of the composite indicates the SiNTs homoge-
eously distribute in the alginate matrix and has not aggregated
onsiderably.

m
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i

Fig. 2. AFM height images of the SiNTs befor
Fig. 3. SEM image of SiNTs–ALG composite.

.2. Leakage of immobilized YADH

Enzyme leakage is always a big concern while using alginate
el as matrix for enzyme immobilization [8,14,15]. Herein, the
eakage of YADH immobilized in ALG–SiNTs composites was
easured during the initial gel formation period and subsequent
torage period. The results of water loss and enzyme leakage of
LG–YADH and ALG–SiNTs–YADH biocomposite are listed

n Table 1.

e (a) and after (b) adsorption of YADH.
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Table 1
Leakage of YADH in ALG gel and ALG–SiNTs composite

Water loss (%) YADH leakage during formation (%) YADH leakage during storage (%) Total YADH leakage (%)

A 6.4 ± 1.1 31.6 ± 3.9
A 3.2 ± 0.9 16.2 ± 2.5
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NADH. Kinetic parameters, Km and Vmax, for free and immo-
bilized YADH were calculated according to Dalziel’s equation
[13] and values are presented in Table 2.
LG–YADH 59.3 ± 0.9 25.2 ± 1.8
LG–SiNTs–YADH 52.6 ± 1.0 13.0 ± 1.6

As shown in Table 1, the YADH leakage in ALG gel mainly
ook place during the formation of alginate gel beads within
nitial 4.5 h. During this period, droplets were hardened to form
el beads due to the syneresis phenomenon: the carboxylate
roups of guluronate monomers complexed with calcium cations
nd the water in the beads was expelled out. And the enzyme
n the beads can be brought into the bulk solution and result in
evere enzyme leakage [16].

The result also showed that after immobilized in ALG–SiNTs
omposites, the enzyme leakage was reduced from 25.2% to
3.0% during gel formation while the water loss decreased from
9.3% to 52.6%. After 20 h storage, 83.8% of the total immo-
ilized YADH was retained in ALG–SiNTs composite while
nly 68.4% was retained in ALG gel. Total enzyme leakage
n ALG–SiNTs–YADH biocomposite was remarkably reduced
bout 50% compared to that in ALG–YADH biocomposite. We
ssumed that SiNTs could effectively adsorb enzyme and hold
ater to prevent them from bringing enzyme out of the alginate
atrix due to its hydrophilicity and high surface energy, which

hus result in remarkably reduced enzyme leakage. In addi-
ion, this result was in agreement with the experimental result
btained in our previous study on BSA leakage in ALG–SiNTs
omposite [17].

.3. Optimum enzymatic reaction condition of immobilized
ADH

To determine the optimum condition of enzymatic reaction
f immobilized YADH, the activity assays were carried out over
H range of 6.0–8.0 and temperature range of 20–50 ◦C. The
rofile of relative activity of immobilized YADH at different
emperatures and pH values is shown in Figs. 5 and 6, respec-

ively. Both the highest relative enzymatic activity of YADH
mmobilized in ALG–SiNTs gel and ALG gel was obtained at
H 7.0, 25 ◦C, which was in consistent with that of the free
ADH [18]. Under these conditions, the relative activity of

Fig. 4. EDX spectrum of SiNTs–ALG composite.
Fig. 5. Effect of Temperature on the activity of immobilized YADH.

LG–SiNTs–YADH composite was up to 61.3%, while the rel-
tive activity of ALG–YADH was only 51.6%.

.4. Kinetic studies of enzymatic reaction for immobilized
ADH

Kinetic studies of reduction of formaldehyde to methanol
f free and immobilized YADH were investigated at 25 ◦C, pH
.0 while varying the initial concentration of formaldehyde and
Fig. 6. Effect of pH on the activity of immobilized YADH.
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Table 2
Kinetic parameters of free and immobilized YADH

Vm (�M S−1) KNADH (�M) KHCHO (mM)

Free YADH 0.71 ± 0.03 28.70 ± 0.15 10.15 ± 0.23
A
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Fig. 7. Storage stability of immobilized YADH in ALG–SiNTs composite and
ALG gel.
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LG–SiNTs–YADH 0.53 ± 0.03 57.54 ± 0.12 11.13 ± 0.18
LG–YADH 0.47 ± 0.04 66.70 ± 0.18 16.69 ± 0.17

As was expected, the reaction with free YADH had the high-
st Vmax and lowest Km. Furthermore, the result showed that the
inetic parameter for YADH immobilized in ALG–SiNTs com-
osite was much close to that for free enzyme compared to ALG
el. As shown in Table 2, the Vmax value for YADH immobilized
n ALG–SiNTs composite was higher that for ALG gel. From the
esult of previous leakage study, it can be concluded that immo-
ilization of YADH in ALG–SiNTs composite could provide
ood preservation of enzyme with high loading efficiency which
ould directly result in the increase of immobilized enzyme

ctivity.
The KNADH and KHCHO value for YADH immobilized in

LG–SiNTs composite was found to be much lower than that
or ALG gel, which suggests YADH immobilized in composite
ad higher affinity towards the substrate.

Usually Vmax and Km of the enzyme immobilized might be
ffected by some factors including the steric hindrance of the
ctive site by the matrix, the enzyme flexibility necessary for
ubstrate binding, and importantly, diffusion limitation of sub-
trates and products.

In our previous study [19], diffusion characteristic of NADH
n ALG gel and ALG–SiNTs composite have been investigated.
he results showed that the maximum value of effective diffu-
ion coefficient (De) of NADH in ALG–SiNTs composite was
p to 2.54 ± 0.2 × 10−10 m2 s−1, close to that in bulk solution
3.30 ± 0.2 × 10−10 m2 s−1) [20] and remarkably larger than
hat in ALG gel (1.89 ± 0.2 × 10−10 m2 s−1). It suggests that
LG–SiNTs composite facilitates the rapid diffusion of NADH

nd its facile access to immobilized YADH during the enzy-
atic reaction. Moreover, Wratten’s product inhibition studies

howed that the kinetic mechanism of ADH was ordered with
oenzyme binding first [21]. Therefore, the increase of De of
ADH might make contribution to the increase of Vmax as
ell.

.5. Storage and recycling stability of the immobilized
ADH

The ALG–SiNTs–YADH biocomposites and ALG–YADH
iocomposites were stored at 4 ◦C to investigate the effect
f storage on the enzyme activity and the result is shown in
ig. 7, from which it could be found that YADH immobilized in
LG–SiNTs composite maintained significant activity during
-month storage. During the first 7-day storage, there was only
14.2% drop in activity. Thereafter, the activity declined more
lowly and a total of 31.6% loss of in 1 month, equivalent to an
pproximate loss of 1% per day. Under the same storage period,
he relative activity loss of YADH immobilized in control ALG
el amounted to about 84.2% after 1-month storage.

f
A
p
o

ig. 8. Recycling stability of immobilized YADH in ALG–SiNTs composite
nd ALG gel.

The effect of recycling on the enzymatic activity of immobi-
ized YADH was investigated as well. Fig. 8 shows the relative
ctivity as a function of recycling times. As shown in Fig. 8,
fter 10 cycles, relative activity of YADH immobilized in ALG
el decreased almost to zero, while 60% of relative activity of
ADH immobilized in ALG–SiNTs composite.

Compared to ALG–YADH biocomposite, ALG–SiNTs–
ADH biocomposite showed higher initial enzyme activity

etention and significantly improved enzyme storage and recy-
ling stability.

. Conclusions

The immobilized of YADH in a novel ALG–SiNTs compos-
te was realized by pre-adsorbing enzyme on the hydrophilic
iNTs and then encapsulating them in the alginate matrix,

ollowed by Ca2+ cross-linking. The enzyme leakage from
LG–SiNTs–YADH biocomposite decreased remarkably com-
ared with that from ALG–YADH bicomposite. Incorporation
f silica nanotube into alginate matrix facilitated the diffusion
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f substrates and increased the affinity between enzyme and
ubstrates, which lead to higher initial enzyme activity reten-
ion and significantly improved storage and recycling stability.
ue to these advantages, we can expect that this composite can
e used as an effective carrier for enzyme or cell immobiliza-
ion and will find wide utilization in biomedical and biocatalysis
eld.

cknowledgements

We greatly appreciate Prof. Z.C. Wang from Jilin University
or supplying the silica nanotubes and financial support from the
rogram for Changjiang Scholars and the Innovative Research
eam in University (PCSIRT), and the National Natural Science
oundation of China (No. 2057096).

eferences
[1] H. Wu, S.F. Huang, Z.Y. Jiang, Catal. Today 98 (2004) 545.
[2] Y.A. Shchipunov, T.Y. Karpenkoa, I.Y. Bakuninab, Y.V. Burtsevab, T.N.

Zvyagintseva, J. Biochem. Biophys. Meth. 58 (2004) 25.
[3] Z.W. Baia, Y.K. Zhou, React. Funct. Polym. 59 (2004) 93.
[4] T. Coradin, J. Livage, C. R. Chimie 6 (2003) 147.

[

[

[

sis B: Enzymatic 43 (2006) 68–73 73

[5] M. Choi, F. Kleitz, D. Liu, H.Y. Lee, W.S. Ahn, R. Ryoo, J. Am. Chem.
Soc. 127 (2005) 1924.

[6] H. Takahashi, B. Li, T. Sasaki, C. Miyazaki, T. Kajino, Chem. Mater. 12
(2000) 3301.

[7] H.M. Ding, L. Shao, R.J. Liu, Q.G. Xiao, J.F. Chen, J. Colloid Interface
Sci. 290 (2005) 102.

[8] A. Blandino, M.M. Macı́as, D. Cantero, Enzyme Microb. Technol. 27
(2000) 319.

[9] A. Blandino, M.M. Macı́as, D. Cantero, Process Biochem. 36 (2001)
601.

10] S.K. Bajpai, S. Sharma, React. Funct. Polym. 59 (2004) 129.
11] G.W. Vandenberg, C. Drolet, S.L. Scott, J. Noue, J. Control. Rel. 77 (2001)

297.
12] T. Ehab, A. Mansoor, Biomaterials 25 (2004) 1937.
13] K. Dalziel, Acta Chem. Scand. 11 (1957) 1706.
14] S.B. Seema, H.N. Steven, Biomaterials 23 (2002) 3627.
15] A. Dashevsky, Int. J. Pharm. 161 (1998) 1.
16] W.R. Gombotz, S.F. Wee, Adv. Drug Deliv. Rev. 31 (1998) 267.
17] Z.Y. Jiang, S.W. Xu, Y. Lu, W.K. Yuan, H. Wu, C.Q. Lv, J. Biomater. Sci.,

Polym. Ed. 17 (2006) 21.
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