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Abstract Spherical micro silica sol-gel immobilized enzyme beads were prepared in an emulsion
system using cyclohexanone and Triton-X 114. The beads were used for the /n situ immobiliza-
tion of transaminase, trypsin, and lipase. Immobilization during the sol to gel phase transition
was investigated to determine the effect of the emulsifying solvents, surfactants, and mixing
process on the formation of spherical micro sol-gel enzyme beads and their catalytic activity. The
different combinations of sol-gel precursors affected both activity and the stability of the en-
zymes, which suggests that each enzyme has a unique preference for the silica gel matrix de-
pendent upon the characteristics of the precursors. The resulting enzyme-entrapped micron-
sized beads were characterized and utilized for several enzyme reaction cycles. These results in-
dicated improved stability compared to the conventional crushed form silica sol-gel immobilized
enzyme systems. '
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INTRODUCTION

The immobilization of enzymes offers many advan-
tages, including multiple reuse, easy separation, and im-
proved stability for efficient biotransformation and bio-
degradation [1-5]. Among various immobilization meth-
ods, sol-gel immobilization using silane compounds such
as tetramethoxysilane (TMOS) has been applied for the
preparation of thin film biosensors and for the immobili-
zation of biocatalysts used in the biosynthesis of natural
products and anti-fouling materials [6-10]. The most
common silica sol-gel encapsulated enzyme systems have
been produced in crushed powder form from the dried
xerogel state [11-16], or sol-gel coatings with enzymes
or antibodies affixed to various solid material surfaces
[17-21]. The crushing of the silica particles, however,
yields irregular shapes and sizes and makes the process of
scale-up very difficult. Although spray-drying [22] and
microwave assisted sol-gel methods [23] were attempted
for the fabrication of spherical silica beads, these proce-
dures also required an elevated temperature that is not
suitable for in situ enzyme immobilization. Microparticle
technology has significant importance for the develop-
ment of new drug delivery methods [24]. Meanwhile, a
sol-gel emulsion technology has been developed that com-
bines the emulsion and sol-gel technology and used to
prepare monodispersed silica particles for drug delivery
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[25-28]. The sol-gel emulsion process should be suitable
for the immobilization of biological molecules such as
antibodies and enzymes because of the prevailing ambient
temperatures and relatively mild processing conditions.
We report an optimized sol-gel emulsion process involv-
ing organic solvents for in situ enzyme immobilization
using spherical silica beads and demonstrate the effects
of different silica sol-gel precursors on enzyme activities.

MATERIALS AND METHODS
Chemicals and Enzymes

The o-transaminase from Vibrio fluvialis (oATVf) was
purified according to the procedures described elsewhere
[29]. The lipase from Candida rugosa and trypsin from
porcine pancreas were purchased from Aldrich (St. Louis,
MO, USA). All other chemicals were of analytical grade.

Enzyme Immobilization and Assays

A magnetic stirrer from Hanna Instrument (Model HI
303N, Woonsocket, RI, USA) that displays digital RPM
values was used for controlled mixing. Analysis of w-
transaminase activity was performed by measuring the
concentration of acetophenone and 1-phenylethanol [30].
The lipase and trypsin assays were achieved by monitor-
ing hydrolysis of p-nitrophenylacetanilide (pNPA), and
N-benzoyl-L-arginine-4-nitroanilide (BAPNA), respec-
tively [31,32].
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Enzyme immobilization was achieved by mixing the sol-
gel solution containing the enzyme with solvent containing
the surfactant [27]}. Mixtures of TMOS and various other
silane compounds (methyltrimethoxysilane (MTMS), vi-
nyltriethoxysilane (VTES), phenyltrimethoxysilane (PTMS),
3-glycidyloxypropyltrimethoxysilane (GTMS), dimethyl-
dimethoxysilane (DMDMS), and hexadecyltrimethoxysi-
lane (HTMS)) were used as building blocks for the cor-
responding gel matrices. Typically, to a 1 mL of enzyme
solution (0.1 mg protein/mL of 0.1 M potassium phos-
phate buffer, pH 7.5), 1 mL of TMOS and 1 mL of the
other specified silane partner were added and mixed by
repetitious manual pipeting. After 30 sec, the mixture was
added to 100 mL of cyclohexanone containing 10% of
surfactant. After 5 min of further mixing, the sol-gel
beads were collected by filtration, washed four times with
distilled water, and stored at 4°C until needed.

RESULTS AND DISCUSSION
Optimization of Gelation Conditions

To optimize gelation procedure, multiple immobiliza-
tion conditions were compared by varying the ratio of the
precursors, water content, and pH of the mixture. Gela-
tion time assessment was performed in the pH range of
6.5 to 7.5, observing remaining immobilized enzyme ac-
tivity of @ATVf using TMOS, TEOS, and MTMS as
model precursors. As gelation is an acid or base-catalyzed
reaction, the time for gelation was dependent upon pH
e.g., gelation was completed in several hours at pH 6.5,
compared to a few mirutes at pH 7.5. The results indi-
cated that the gelation of TMOS/MTMS/H,O (1:1:1,
v/v) at pH 7.5 yielded the highest remaining catalytic
activity, and was completed within three minutes (data
not shown). Thus, this condition was used for all subse-
quent experiments.

Effect of the Emulsifying Solvents, Surfactants, and
Mixing Process for the Formation of Sol-Gel Beads and
their Effects on the Stability of the Immobilized En-
zyme

There are two important parameters for selecting the
ideal organic solvents used in the preparation of sol-gel
beads, polarity and viscosity. The polarity of solvents is
important because water-immiscible solvents are the pri-
mary candidates to make distinctive phase-separation
with the aqueous precursor and enzyme mixture. The
viscosity of the solvent is important to the control of the
bead size in the emulsification process. We chose several
non-polar solvents for the formation of emulsion and
compared the differences in performance for the bead
formation. In comparing the solvents according to viscos-
ity, a solvent with low viscosity (n) such as cyclohexane
(m= 0.89) could not make an emulsion mixture as the
shape of the sol-gel beads was not uniform compared to
the more viscous solvents such as n-hexanol (n= 4.57)
and n-heptanol (n= 5.82) (data not shown). Ultimately,
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Table 1. Surfactant effects on bead formation, bead size and
enzyme stability

Bead  Stability* Bead size

Surfactant formation %) (um) HLB
W/O surfactant no® (92)°>  (100~200)* -
CTAB no N/A® N/A® -
Tween 20 no N/A N/A 16.7
Triton-X 100 yes 32 1~10 13.5
Triton-X 114 yes 91 1~10 12,5
Triton-X 405 yes <1 0.1~1 17.9
Triton SP 135 yes 99 10~100 8.0
Triton SP 190 yes 90 10~100 13.0

*Stability of the ATV in sol-gel beads was measured by comparing
the enzyme activity after five consecutive reactions with 25 mM of
phenylethylamine and 25 mM of pyruvate at 37°C for 15 h.

“Irregular shape of silica particles were obtained without surfactant
for the sol-gel immobilization of enzyme. The stability and the par-
ticle size were measured to compare with those of sol-gel beads
prepatred with surfactant.

“The stability and the bead size were not available as no bead for-
mation was observed with CTAB and Tween 20.

uniform spherical sol-gel beads were obtained by using
cyclohexanone (n= 2.02) with medium viscosity.

We examined the surfactants to verify the effect of dif-
ferent surfactants with a differing hydrophilic lipophilic
balance (HLB) value on the activity of the enzyme (Table
1). The stability of immobilized enzyme was greatest us-
ing the surfactants with a relatively low HLB (<13), and
smaller beads were obtained (1~10 pm) using a Triton-X
series surfactant while maintaining stable emulsion mix-
tures. Although the commercial acid-splittable Triton-SP
surfactants yielded higher stability for the resulting sol-gel
immobilized enzymes, the emulsion was less stable and
larger beads were obtained with a relatively broad size dis-
tribution. Considering the bead size that resulted and the
product stability, Triton X-114 was chosen as the best sur-
factant for subsequent experiments.

The extent and the process of mixing play a crucial role
in the shape and the size of the beads prepared by the
emulsion system. At low rpm (Fig. 1A), irregular beads
were obtained with a relatively large average particle size
(around 100 pm), whereas beads prepared at high rpm
were more uniform, spherical and smaller (1~10 pm, Fig.
1B). In spite of the differences in the shape and the size
of the beads, the enzyme activities of the two bead prepa-
rations were not significantly different, which suggests
that the mass transfer limitations of the substrates and
products are not significant in the sol-gel beads of ap-
proximately 100 pm or smaller diameter.

Effect of Functional Groups of the Precursors Used in
the Sol-Gel Preparations

Precursors of different functional groups were com-
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Fig. 1. SEM pictures of sol-gel beads prepared for different
stirring speeds; (A) 180 rpm and (B) 500 rpm. The pictures
were obtained after drying the bead samples overnight at room
temperature. Scale bars in both figures indicate 100 pum.

pared to aid the investigation of the microenvironmental
effects on the shape, pore size, and enzyme activities of
the beads. When precursors such as MTMS, PTMS,
VTES, GTMS, HTMS, and DMDMS were mixed with
TMOS to make sol-gel beads at 500 rpm, the diameters
of the spherical beads approximated 1~10 um, and no
significant differences in bead size distribution and shape
were observed by scanning electron microscopy (data not
shown). The pore size of the beads was measured at 38.3
*+ 1.3 A and was seemingly unrelated to the kind of the
mixturg, except for beads prepared with TMOS only
(14.5 A pore size). Among the mixtures analyzed, TMOS-
VTES produced beads with the narrowest size distribu-
tion compared to other combinations (Fig. 2).

The enzyme activities of the sol-gel immobilized wAT VT,
lipase and trypsin beads were compared to identify the
effect of precursor pairs. The effect of three different pre-
cursors, MTMS, PTMS, and VTES, are shown in Fig. 3,
wherein these precursors were chosen as they were suc-
cessfully used to produce spherical gel particles and were
characterized by significant differences on the activity of
entrapped oATVf; GTMS and HTMS showed similar
effects with MTMS on the activity of entrapped wATVI.
However, with DMDMS, bead formation was not favor-
able, and the activity of the entrapped wATVf was slightly
lower than with MTMS. Lipase showed the highest activ-
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Fig. 2. SEM pictures of sol-gel beads prepared with VTES-
TMOS. (A) Scale bar indicates 100 um; (B) scale bar indicates
1 wm.

ity in the beads made of MTMS-TMOS, while trypsin
and oATVf yielded the highest activity with a VTES-
TMOS combination. These results indirectly indicate that
each enzyme has a favorable precursor pair and those
subtle changes in the microenvironment of each bead,
using different precursor pairs, could affect the ultimate
enzyme activity in micro sol-gel beads.

Stability of Immobilized Enzyme in Micro-Sol Gel
Beads

The stability of the wATVT in sol-gel beads was measured
with beads prepared under optimized condition (i.e. 1:1
mixture of TMOS and MTMS in cyclohexanone with
Triton-X 114 (10%, v/v) mixed with the enzyme at 500
rpm). After five consecutive reactions with 25 mM of
phenylethylamine and 25 mM of pyruvate at 37°C for 15
h, the remaining catalytic activity exceeded 91%. This
result suggests that the activity of sol-gel immobilized
enzymes were effectively retained in the beads during the
reaction period, and the enzyme stability was maintained.

The immobilized oATVf prepared by the emulsion
method showed much enhancement on the activity and
the stability compared to conventional crushed xerogel
silica matrix immobilization. To prepare a crushed xe-
rogel silica matrix, aging is known to be an essential
process [27]. When we measured the enzyme activity of
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Fig. 3. Effects of different partner precursors of TMOS on the
enzyme activities of the beads. Relative activities were measured
and compared to that of the total free enzyme activity used for
immobilization.

the crushed powder-form silica matrixes and varying the
aging period from 1 to 3.5 h at room temperature, the
enzyme activity of the powder matrixes was shown to be
drastically decreased to 53% and to 31% compared to
that of sol-gel immobilized enzyme beads by the emulsion
process.

CONCLUSIONS

In this article, we report on a micro-emulsion silane
mixture system that was developed to make and control
the micron size of immobilized spherical enzyme beads.
This study suggested that each enzyme has a unique pref-
erence of silica sol-gel precursor depending upon chem-
ical, physical, and structural characteristics. While lipase
showed the highest activity with MTMS as a precursor,
trypsin and @ATVf showed their highest activities with
VTMS. More hydrophobic PTMS showed the lowest
activity for all enzymes studied and reported. As the pore
size of prepared sol-gel particles were not affected by the
use of different sol-gel precursors, the difference in
enzyme activity could be attributed to their physico-
chemical characteristics, though it was not fully revealed
in this article.

Silica sol-gel immobilization methods have been demon-
strated successfully by several authors using the xerogel
method [9-16]. Although their microscopic observations
of the xero-gel showed an inner network of spherical par-
ticles [13], bulk xerogel enzyme agglomerates should be
crushed into small particles for practical use, which usu-
ally resulted in the failure of large-scale production. The
use of an emulsion process allowed us to prepare relatively
regular sized active microenzyme immobilized beads. The
stability of enzyme was influenced by the surfactant used
to make the emulsion, yet relatively stable immobilized
sol-gel enzyme beads could be obtained by using Triton
X-114 and cyclohexanone as surfactant and solvent in an
organic phase.

Biotechnol. Bioprocess Eng. 2006, Vol. 11, No. 4

REFERENCES

[1] Tischer, W. and F. Wedekind (1999) Immobilized en-
zymes: Methods and applications. Top. Curr. Chem. 200:
95-126.

[2] Prakash, O. and L. S. B. Upadhyay (2006) Immobiliza-
tion imparts stability to watermelon urease. Biotechnol.
Bioprocess Eng. 11: 140-145.

[3] Kim, J., C.-S. Lee, J. Oh, and B. G. Kim (2001) Produc-
tion of egg yolk lysolecithin with immobilized phospholi-
pase A, Enzyme Microb. Technol. 29: 587-592.

{4] Seo, W.-Y. and K. Lee (2004) Optimized conditions for in
situ immobilization of lipase in aldehyde-siliica packed
columns. Biotechnol. Bioprocess Eng. 9: 465-470.

[5] Wang, T.-H. and W.-C. Lee (2003) Immobilization of pro-
teins on magnetic nanoparticles. Biotechnol. Bioprocess
Eng. 8: 263-267.

(6] Gill, I. and A. Ballesteros (2000) Bioencapsulation within
synthetic polymers (Part 1): sol-gel encapsulated biologi-
cals. Trends Biotechnol. 18: 282-296.

[71 Gill, I. and A. Ballesteros (2000) Bioencapsulation within
synthetic polymers (Part II): non-sol-gel protein-polymer
biocomposites. Trends Biotechnol. 18: 469-479.

[8] Kim, J. B., R. Delio, and J. S. Dordick (2002) Protease-
containing silicates as active antifouling materials. Bio-
technol. Prog. 18: 551-555.

[9] Jin, W. and J. D. Brennan (2002) Properties and applica-
tions of proteins encapsulated within sol-gel derived mate-
rials. Anal. Chim. Acta 461: 1-36.

[10] Livage, J. (1997) Sol-gel processes. Curr. Opin. Solid State
Mater. Sci. 2: 132-138.

[11] Vidoto, E. A., E S. Vinhado, M. S. M. Moreira, O. R. Nas-
cimento, Y. Jamamoto, and K. J. Ciuffi (2002) Immobiliza-
tion of beta halogenated ironporphyrin in the silica matrix
by the sol-gel process. J. Non-Cryst. Solids 304: 151-159.

[12] Reetz, M. T, A. Zonta, and J. Simpelkamp (1995) Effi-
cient heterogeneous biocatalysts by entrapment of lipases
in hydrophobic sol-gel materials. Angew. Chem. Int. Ed.
Engl. 34: 301-303.

[13] Reetz, M. T,, A. Zonta, and J. Simpelkamp (1996) Effi-
cient immobilization of lipases by entrapment in hydro-
phobic sol-gel materials. Biotechnol. Bioeng. 49: 527-534.

[14] Gill, I. and A. Ballesteros (1998) Encapsulation of biologi-
cals within silicate, siloxane, and hybrid sol-gel polymers:
An efficient and generic approach. . Am. Chem. Soc. 120:
8587-8598.

[15] Chen, Q., G. Kenausis, and A. Heller (1998) Stability of
oxidases immobilized in silica gels. J. Am. Chem. Soc. 120:
4582-4585.

[16] Schuleit, M. and P. L. Luisi (2001) Enzyme immobiliza-

tion in silica-hardened organogels. Biotechnol. Bioeng. 72:
249-253.

[17] Lobnik, A. and M. Cajlakovic (2001) Sol-gel based optical
sensor for continuous determination of dissolved hydrogen
peroxide. Sens. Actuators B 74: 194-199.

[18] Bharathi, S. and O. Lev (2000) Sol-gel-derived prussian
blue-silicate amperometric glucose biosensor. Appl. Bio-
chem. Biotechnol. 89: 209-216.

[19] Williams, A. K. and J. T. Hupp (1998) Sol-gel-encapsulated
alcohol dehydrogenase as a versatile, environmentally stabi-



Biotechnol. Bioprocess Eng. 2006, Vol. 11, No. 4

lized sensor for alcohols and aldehydes. J. Am. Chem. Soc.
120: 4366-4371.

[20] Ramanathan, K., B. Rees-Jonsson, and B. Danielsson
(2001) Sol-gel based thermal biosensor for glucose. Anal.
Chim. Acta 427: 1-10.

[21] Lee, W.-Y., K. S. Lee, T.-H. Kim, M.-C. Shin, and J.-K.
Park (2000) Microfabricated conductometric urea biosen-
sor based on sol-gel immobilized urease. Electroanalysis
12: 78-82.

[22] Iskandar, F., Mikrajuddin, and K. Okuyama (2001) Ir situ
production of spherical silica particles containing self-
organized mesopores. Nano Lett. 1: 231-234.

[23] Adachi, K., T. Iwamura, and Y. Chujo (2004) Novel syn-
thesis of submicrometer silica spheres in non-alcoholic
solvent by microwave-assisted sol-gel method. Chem. Lett.
33: 1504-1505.

[24] Lee, C.-M., S. Lim, G.-Y. Kim, D. Kim, D.-W. Kim, H.-C.
Lee, and K.-Y. Lee (2004) Rosin microparticles as drug
carriers: Influence of various solvents on the formation of
particles and sustained-release of indomethacin. Biotech-
nol. Bioprocess Eng. 9: 476-481.

[25] Matsumoto, T., Y. Takayama, N. Wada, H. Onoda, K.
Kojima, H. Yamada, and H. Wakabayashi (2003) Acid-
free synthesis of poly-organo-siloxane spherical particles
using a W/O emulsion. J. Mater. Chem. 13: 1764-1770.

281

[26] Barbé, C. J. A. and J. Barlett (2001) Controlled release
ceramic particles, compositions thereof, processes of pre-
paration and methods of use. W00162232.

[27] Bush, A. |., R. Beyer, R. Trautman, C. J. Barbé, and J. R.
Bartlett (2004) Ceramic micro-particles synthesized using
emulsion and sol-gel techonolgy: An investigation into the
controlled release of encapsulants and the tailoring of mi-
cro-particle size. J. Sol-Gel Sci. Technol. 32: 85-90.

[28] Barbé, C. J., J. Bartlett, L. Kong, K. Finnie, H. Q. Lin, M.
Larkin, S. Calleja, A. Bush, and G. Calleja (2004) Silica
particles: A novel drug-delivery system. Adv. Mater. 16:
1959-1966.

[29] Shin, J. S. and B. G. Kim (1998) Kinetic modeling of
omega-transamination for enzymatic kinetic resolution of
alpha-methylbenzylamine. Biotechnol. Bioeng. 60: 534-
540.

[30] Shin, J. S. and B. G. Kim (1996) Optical resolution of
racemic 1-phenylethylamine catalyzed by aminotransferase
and dehydrogenase. Ann. N. Y. Acad. Sci. 799: 717-724.

[31] O’Connell, P. J. and J. Varley (2001) Immobilization of
Candida rugosa lipase on colloidal gas aphrons (CGAs).
Biotechnol. Bioeng. 74: 264-269.

[32] Nouaimi, M., K. Mdschel, and H. Bisswanger (2001) Im-
mobilization of trypsin on polyester fleece via different
spacers. Enzyme Microb. Technol. 29: 567-574.

[Received September 15, 2005; accepted June 13, 2006]



