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a b s t r a c t

By using tetraethylorthosilicate as a silica resource and triblock copolymer P123 as a template, the encap-
sulations of �-galactosidase with three different models of without protection, protection of protective
agent and molecular imprinting technique pretreatment were accomplished through modified “fish-in-
net” route at pH 5.0. The highest enzymatic activity of �-galactosidase was gained by using pretreatment
of molecular imprinting technique. Scanning electron microscopy (SEM) images showed that the matrix
of encapsulated �-galactosidase was made of an aggregation of uniform microspheres of 200–300 nm,
and N2 adsorption/desorption isotherms demonstrated that the matrix of encapsulated �-galactosidase
-Galactosidase
ncapsulation
ish-in-net
olecular imprinting technique

actose

possessed average Brunauer–Emmett–Teller (BET) pore size of 27 Å and narrow pore size distribution.
More importantly, compared with encapsulated �-galactosidase without protection, the hydrolytic activ-
ity of encapsulated �-galactosidase pretreated by molecular imprinting technique was about 3 times and
1.8 times, while the enzymatic activity of encapsulated �-galactosidase with the protection of protective
agent increased only 1.3-fold when lactose and o-nitrophenyl-�-d-galactopyranoside (ONPG) were used

y. The
ncap
as substrates, respectivel
enzymatic activity after e

. Introduction

In the field of fundamental and applied research, the study on
-galactosidase (�-gal) (EC 3.2.1.23) has attracted many scien-

ists’ interest for a long time [1,2]. �-Gal can hydrolyze lactose to
ield galactose and glucose. Nevertheless, �-gal cannot completely
ydrolyze lactose due to inhibition effect of galactose produced in
atalytic reaction [3], resulting in limitations in practical applica-
ion. The immobilization technique has been proposed to overcome
his problem to some extent. During the hydrolytic reaction, the
eparation between immobilized �-gal and the product has been
asily undertaken in the heterogeneity solution, which would
ecrease the competitive inhibition of the lactose and be more
avorable for forward reaction. Therefore, many researchers have
een dedicated to the study of �-gal immobilization. �-Gal has
een immobilized by many methods, such as sol–gel encapsula-
ion, physical adsorption and covalent attachment [4–6]. However,
he leakage of �-gal is an inevitable problem in sol–gel encap-

ulation and physical adsorption method. The enzymatic activity
s easily weakened in covalent attachment approach. In covalent
mmobilization, due to multipoint covalent attachment between
he enzyme and support, the leakage of enzyme can be avoided

∗ Corresponding author. Tel.: +86 431 88499261; fax: +86 431 88499261.
E-mail address: lzq@jlu.edu.cn (Z. Li).

381-1177/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2009.12.012
protective effect of molecular imprinting technique pretreatment on the
sulation was better than that by protective agent.

© 2009 Elsevier B.V. All rights reserved.

perfectly. However, the strong interaction between enzyme and
support may severely alter the conformation of �-gal in the support
as compared to its conformation in aqueous solution, which leads
to the decrease of enzymatic activity [7]. Hence, how to enhance
�-gal stability and reusability in immobilization remains a difficult
problem.

In previous work, we had successfully encapsulated several
kinds of enzymes (fumarase, trypsin, lipase and porcine liver
esterase) in silica-based matrix using “fish-in-net” approach in
which the enzyme (acting as “fish”) was gradually entrapped into
the “net” produced by polymerization and condensation of per-
formed silica precursors [8]. Silica-based matrix offers a set of
characteristics: good hydrothermal stability, high mechanical sta-
bility, resistance against biodegradation, biocompatibility and low
toxicity [9–11]. The “fish-in-net” approach for encapsulation takes
on many advantages: neutral pH, non-denaturing solvent, and mild
temperature and pressure. More importantly, because the pore size
of “net” is smaller than the spatial size of “fish”, the entrapped “fish”
cannot leach out from the “net” [8].

In the present study, the encapsulation of �-gal was carried out,
based on the “fish-in-net” approach. However, the partial activity

loss of �-gal still may occur during encapsulation process, owing
to complexity of reagents involved in encapsulation system and
interaction between �-gal and silica-based matrix. Therefore, pro-
tective agent for �-gal was adopted in the process of “fish-in-net”
encapsulation in order to protect and further increase the catalytic

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:lzq@jlu.edu.cn
dx.doi.org/10.1016/j.molcatb.2009.12.012
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ctivity of �-gal. Nevertheless, protective agent for �-gal cannot
ompletely protect the active site of the enzyme from the attack of
ther chemical reagent. Hence, pretreatment of molecular imprint-
ng technique (MIT) for �-gal was employed in this experiment.

Lactose, the native substrate of �-gal, was chosen as the
mprinter in the process of MIT. Before entrapment, �-gal was

ixed with lactose in aqueous solution, and then the resulting
olution was flash-frozen with liquid nitrogen as fast as possi-
le and subsequently lyophilized. Pretreated �-gal powder was
nally encapsulated in the silica-based matrix. Lactose bound with
he �-gal in the active site during pretreatment, the active site
f �-gal was blocked by lactose molecule. The conformation of
nzyme in cellular environment is different from that in dilute
olution due to the macromolecular crowding and molecular con-
nement [12]. In this experiment, the conformation of �-gal in
ilute solution was used as a control to explain the ligand-induced
onformational change of �-gal. When �-gal and lactose coexisted
n aqueous solution, the conformation of �-gal might change due
o the inducement of lactose as compared to the conformation
n dilute solution, which was benefit for the hydrolytic activity
n active site area. Herein, more favorable conformers could be
btained. Subsequently, the induced conformation of �-gal was
ocked with liquid nitrogen. Induced conformation of �-gal was
avorable for the hydrolysis of lactose. After “fish-in-net” encap-
ulation, such induced conformation was locked to some extent
n the silica-based matrix. In contrast, induced conformation can-
ot be locked owing to leaching phenomenon of immobilized
nzyme in sol–gel encapsulation and physical adsorption methods,
nd “conformational memory” also cannot be accomplished due
o the enzyme-support strong interaction in covalent attachment
pproach.

The primary goal of this study is to investigate the effect of pre-
reatment of MIT on the catalytic properties of encapsulated �-gal
rom Aspergillus oryzae. The specific activities of entrapped �-gal
rom Aspergillus oryzae with three different models and free �-gal
n dilute solution were compared.

. Experimental

.1. Materials

�-Gal obtained from Aspergillus oryzae (not less than 14,000 U/g
ased on supplier’s product sheet; 1 U was defined as the amount of
-gal that liberates 1.3 �mol o-nitrophenol (ONP) per 10 min at pH
.5 and 37 ◦C with o-nitrophenyl-�-d-galactopyranoside (ONPG)
s substrate) was purchased from Amano Enzymes Co. (Nagaya,
apan). ONPG was purchased from BBI Co. Ltd. (Boston, MA, USA).
EOS and P123 were commercially available from Sigma–Aldrich
St. Louis, Missouri, USA). KBr obtained from BDH Co. (Poole,
K) was of spectral grade. The glucose oxidase–peroxidase
it was purchased from Beijing BHKT clinical reagent Co. Ltd.
Beijing, China). All other chemicals and reagents were of ana-
ytical grade. All aqueous solutions were prepared with Milli-Q

ater.

.2. Measurement of ethanol tolerance capacity

The purification of crude �-gal from Amano was firstly per-
ormed. Crude �-gal (100 g) was slowly dissolved in 1 l of the buffer
pH 7.0, 0.05 M) in ice bath and placed at 4 ◦C overnight. �-Gal

olution was centrifuged for 30 min at 11,500 × g, and then the
upernatant was collected. The �-gal in the supernatant was sub-
equently applied in the encapsulation and activity assay. �-Gal
olution was incubated with ethanol solution of different concen-
ration in the range of 0–80% at 25 ◦C. Aliquots of 0.1 ml of �-gal
sis B: Enzymatic 63 (2010) 75–80

solution were periodically taken at intervals of 40 min. Then, iso-
lated �-gal solution was added to 10 ml of 50 mM KH2PO4–NaOH
buffer (pH 7.0) to regain activity. Unless otherwise indicated, the
buffer mentioned in this study was KH2PO4–NaOH buffer. The assay
of activity had been carried out in the buffer at 37 ◦C with 50 mM
ONPG as a substrate for 1 min by using properly diluted �-gal to
get a linear velocity.

2.3. Modified “fish-in-net” encapsulation

Lactose solution (25 ml of 37.5%, w/w) was added to 150 ml
of �-gal solution. �-Gal solutions with lactose and without lac-
tose had been flash-frozen at −80 ◦C in liquid nitrogen for 20 min
and lyophilized soon. Lyophilized powder with and without lac-
tose were respectively denoted as �-gal pretreated by molecular
imprinting technique (�-gal-MIT) and �-gal without protection
(�-gal-W). Part of �-gal-W was directly intermingled with lactose
powder according to the weight ratio between the �-gal and the
lactose in �-gal-MIT. This specimen was denoted as �-gal protected
by protective agent (�-gal-P).

The preparation of encapsulated �-gal was based on “fish-in-
net” method [7]. The synthesis mixture had a molar composition
of TEOS/P123/H2O/ethanol/HCl of 1:0.015:5.3:18.1:0.3, and the pH
value in mixture was 5.0. After removal of ethanol by evacua-
tion under vacuum for 72 h at ambient temperature, preformed
precursors were assembled in the glycerol solution of an equiva-
lent amount at room temperature. The weight ratio between the
enzyme and lactose was 0.34:0.26 in �-gal-MIT and �-gal-P. To
make the equal amount of �-gal applied in three different mod-
els, �-gal-MIT (0.6 g), �-gal-P (0.6 g) and �-gal-W (0.34 g) were
respectively added to 20 g of the precursors at 4 ◦C, and 5 ml of
the buffer was added to this system simultaneously with magnetic
stirring. The systems had been aged at 4 ◦C for 72 h to sufficiently
form hydrogel that would be preserved at 4 ◦C. After entrapment,
encapsulated �-gal-MIT, �-gal-P and �-gal-W were denoted as E-
�-gal-MIT, E-�-gal-P and E-�-gal-W, respectively.

Aged precursors without �-gal were prepared according to
above procedure for determination of removal condition of tem-
plate P123.

2.4. Characterization of the matrix

Only if the template P123 as structure-directing agent was
removed, can all the characteristics of immobilized �-gal be
subsequently measured. The removal of the template P123 was
performed by washing. Hence, the best washing conditions were
screened. The best washing conditions were as follows: the con-
centration of ethanol solution was 20% (w/w) and the washing
operation was repeated with three times.

After degassing at 100 ◦C for 12 h, N2 adsorption–desorption
isotherms of immobilized �-gal were measured using ASAP 2020
at 77 K. The specific surface area of the samples was evaluated by
using the multiple-point Brunauer–Emmett–Teller (BET) method
in the relative pressure range P/P0 = 0.05–0.3. The pore size distri-
bution curve was computed by using the Barrett–Joyner–Halenda
(BJH) method, and pore size came from analysis of the peak posi-
tion of the distribution curve. SEM experiment was performed on a
JSM-6700F electron microscope (JEOL, Japan) with an acceleration
voltage of 150 kV [13].
2.5. Enzymatic activity assay

In this experiment, enzymatic assay was performed according
to the modified methods [14,15]. Before measurement, the gel of
immobilized �-gal was washed thoroughly by washing reagent.
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Because the system of encapsulation contained the ethanol,
Z. Wu et al. / Journal of Molecular

he precipitate was suspended in buffer and allowed to strand for
min.

.5.1. Encapsulation yield in different models
The total amount of encapsulated �-gal was quantified accord-

ng to the difference between the total amount of �-gal added to the
ncapsulated system and that recovered in the pooled supernatant
nd washing solutions. The protein content of the enzyme solu-
ions was determined using Bradford method [16]. Bovine serum
lbumin was used as standard.

The encapsulation yield was calculated as follows:

= (W1 − W2) × 100/W1

= encapsulation yield (%), W1 = the total amount of �-gal added
o the encapsulated system, and W2 = the total amount of �-gal
ecovered in the pooled supernatant and washing fractions.

.5.2. Lactose assay
With lactose as a substrate, the system including 100 �l of 37.5%

actose solution, 100 �l of properly dilute immobilized �-gal with
ifferent models and 900 �l of buffer (pH 7.0, 0.05 M) had been
laced in boiling water for 5 min to stop the reaction, after catalysis
eaction had been carried out for 10 min at 37 ◦C. After centrifu-
ation, the activity of �-gal was evaluated through detecting the
mount of glucose in supernatant by glucose oxidase–peroxidase
it. The precipitate had been placed in oven at 60 ◦C for 24 h and
hen was quantified. The obtained precipitate was silica matrix with
ncapsulated �-gal in reaction system. For free �-gal, the activ-
ty was measured according to above mentioned process except
entrifugation step. One unit of �-gal activity was defined as the
mount of �-gal that liberates 1 �mol glucose per min in the
efined conditions. After washing and drying, the weight of dry
ged precursors was obtained. The content of �-gal in silica matrix
as calculated as follows:

= W3

W3 + W4

= the content of �-gal in silica matrix, W3 = weight of total encap-
ulated �-gal, and W4 = weight of total obtained dry aged precursor.

Then, the specific activities of encapsulated �-gal with different
odels were calculated as follows:

1 = M1

W5 × C

1 = specific activity of encapsulated �-gal, M1 = molar amount of
lucose produced per min, and W5 = weight of dry silica matrix with
ncapsulated �-gal in reaction system.

.5.3. ONPG assay
With ONPG as a substrate, the system containing 25 �l of ONPG

50 mM), 100 �l of properly dilute immobilized �-gal and 875 �l of
he buffer was added to 2 ml of Na2CO3 (0.5 M) solution to quench
he reaction, after hydrolysis reaction had been carried out for 3 min
n water bath at 37 ◦C. After centrifuging for 3 min at 12,000 rpm,
he absorbance of supernatant at 410 nm was measured by UV
550 (Shimadzu, Japan). As above depicted, the precipitate was dis-
osed. For free �-gal, the activity was measured according to above
entioned process except centrifugation step. One unit of �-gal

ctivity was defined as the amount of �-gal that liberates 1 �mol
-nitrophenol (ONP, ε = 1385 M−1 cm−1) per min in the defined

onditions. Subsequently, the specific activities of encapsulated �-
al with different models were calculated as follows:

2 = M2

W6 × C
Fig. 1. Ethanol tolerance capacity of free �-gal as a function of time and ethanol
concentration (%).

S2 = specific activity of encapsulated �-gal, M2 = molar amount of
ONP produced per min, and W6 = weight of dry silica matrix with
encapsulated �-gal in reaction system.

2.6. Measurement of pH stability

For the soluble �-gal, 100 �l of �-gal solution had been
mixed with 900 �l of different buffers (pH 2.5–10.8) at 25 ◦C
for 30 min. The buffers used were citric acid–sodium citrate
(pH 2.5–4.6), K2HPO4–KH2PO4 (pH 5.8–8.0) and Gly–NaOH (pH
9.3–10.8), respectively. The solution (0.1 ml) was taken from above
system, and then had been placed in 900 �l of the buffer (pH 7.0,
0.05 M) for 2 h so that the hydrolytic activity of �-gal recovered.
Then, the specific activity was determined according to the assay
of activity depicted in Section 2.5.3.

For the encapsulated �-gal, suitable amount of encapsulated �-
gal had been immersed in different buffers (pH 2.5–10.8) at 25 ◦C
for 30 min. After centrifuging, the precipitate had been placed in
the buffer (pH 7.0, 0.05 M) for 2 h. Based on ONPG assay of activity
depicted in Section 2.5.3, the specific activity was identified.

2.7. Assessment of operational stability

The operation of reaction was the same as that of above depicted
procedure in ONPG assay, except that reaction time prolonged to
24 h to ensure that the hydrolytic reaction was sufficiently com-
pleted. Then, the precipitate was washed by the buffer to avoid
the effect of residual ONP on subsequent assay. After centrifuging
for 3 min at 12,000 rpm, the precipitate was applied in the next
duplicate assay. The assay was completed after nine cycles.

3. Results and discussion

3.1. Identification of properties of free ˇ-gal

3.1.1. Ethanol tolerance capacity
ethanol tolerance capacity of �-gal were investigated. Results
demonstrated that residual activity of free �-gal almost did not lose
with increase of reaction time and ethanol concentration, and that
residual activity still approached to 100% for 160 min in ethanol
concentration of 80% (Fig. 1).
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.1.2. The size of enzyme molecule and substrate
�-Gal from Aspergillus oryzae without crystal structures data

molecular mass = 110 kDa [17]) showed amino acid sequence
omology of 73.5% to �-gal from Penicillium sp. (molecular
ass = 120 kDa, 11.1 nm × 11.1 nm × 16.1 nm and PDB code is

XC6) [18] through “blast two sequence” program [19]. Hence,
e assumed that three-dimensional size of �-gal from Aspergillus

ryzae was similar to �-gal from Penicillium sp. For the sub-
trate, the spatial size of ONPG (9 Å × 4 Å × 7 Å) and lactose
10 Å × 4 Å × 7 Å) was much smaller than that of �-gal.

.1.3. The design of the diameter of the mass transfer channel
In order to avoid the leakage of �-gal after encapsulation and

nhance diffusion of substrate and product molecules from the
atrix during hydrolysis reaction, we presumed that the entrance

ize of the matrix must be not only smaller than spatial size of �-
al but also enough larger to the substrate molecule. Hence, the
ore size must be controlled in the range of 2–11 nm. The pore size
f mesoporous molecular sieves depends on the core size of the
icelle obtained by surfactant self-assembly pathway during syn-

hesis process [8,20]. The micellization of PEO–PPO–PEO copoly-
ers is mainly attributed to hydrophobic property of PO block [21].

n this experiment, the whole aging process should be carried out at
◦C to protect the enzymatic activity, after the �-gal was added to

he performed precursor system. However, PO block becomes more
ydrophilic at low temperature, which leads to unfavorable micel-

ization [22]. In order to overcome this problem, the high concentra-
ion of PEO–PPO–PEO copolymer should be adopted for the forma-
ion of micelle. If and only if the concentration of block copolymer
as controlled in the range of 0.5–6% (w/w), ordered mesoporous
aterials could be yielded, as reported by Stucky and co-workers

23]. Hence, in this experiment, 6% (w/w) was adopted as the upper
imit of concentration. In classical synthesis of mesoporous mate-
ial, operation of hydrothermal treatment and recrystallization was
avorable to enhance the thermal stability and regularity of meso-
orous silica [8]. For the hydrothermal treatment, the reaction
olution was placed at high temperature environment (in general,
00–130 ◦C) after the synthesis reaction of mesoporous silica. As for
he recrystallization, the as-synthesized powder samples have been
mmersed into deionized water at high temperature (100–150 ◦C)
or several days (sometimes even 1 week) [8]. However, �-gal
ould not undergo higher temperature treatment, hydrothermal
reatment and recrystallization could not be used in this experi-

ent. Herein, high concentration block copolymer and long aging
ime were used to compensate the above mentioned deficiencies to
ome extent for yielding well-ordered mesoporous silica in which
ubstrates and products could easily diffuse.

.2. Characteristic of the mesoporous material after
ncapsulation

In fact, TEOS, as silica resource, was relatively slowly hydrolyzed
uring synthesis at room temperature in this work. After hydrolysis
nd condensation of silicate, SEM of E-�-gal-MIT was presented
fter completely washing (Fig. 2). The results demonstrated that
ondensation of silica species was formed by the aggregation of
icrospheres with a particle size of 200–300 nm.
After rinsing, N2 adsorption/desorption isotherms of aged pre-

ursor and E-�-gal-MIT were measured. The pore size distribution
f aged precursor and E-�-gal-MIT was very sharp (Fig. 3).
2 adsorption/desorption isotherms exhibited narrow hysteresis
oops of H3 types classified by IUPAC [24]. Pore size, total pore
olume and BET surface area of aged precursor were all higher
han that of E-�-gal-MIT, as shown in Table 1. This data implied
hat encapsulated �-gal took up the space in channel. Taking into
onsideration that pore size of 47 Å in mesoporous silica can be
Fig. 2. SEM image of E-�-gal-MIT.

obtained by using P123 as a template at 35 ◦C [23], pore size of 27 Å
in this experiment may be attributed to the relative low aging tem-
perature (4 ◦C). At 4 ◦C, the core size of micelle becomes smaller
due to hydrophilic trend of PO block [21]. The experimental data
demonstrated that the narrow and long channel in the matrix was
enveloped with thick wall. As a result, the matrix must be pro-
vided with good hydrothermal stability. The diffusion of substrate
and product may be effected in narrow channel to a certain extent.
Nevertheless, the leaching rate of product might be higher than
the diffusion rate of substrate, due to the spatial size difference
between these two molecules. It is favorable to facilitate forward
reaction in hydrolytic reaction.

3.3. Comparison of the specific activity of free ˇ-gal, E-ˇ-gal-MIT,
E-ˇ-gal-P and E-ˇ-gal-W and protective mechanism of
pretreatment of MIT

With lactose as a substrate, the specific activity of E-�-gal-MIT,
E-�-gal-P and free �-gal was 3 times, 1.3 times and 1.9 times higher
than that of E-�-gal-W, respectively. With ONPG as a substrate, the
specific activity of E-�-gal-MIT, E-�-gal-P and free �-gal was 1.8-
fold, 1.3-fold and 1.4-fold compared with E-�-gal-W, respectively.

The specific activities of E-�-gal-W were 198 U/mg (protein) and
476 U/mg (protein), when lactose and ONPG acted as substrate,
respectively (Table 2). In E-�-gal-MIT, E-�-gal-P and E-�-gal-W
model, 94%, 88% and 96% of initially applied �-gal were encapsu-
lated.
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ig. 3. Nitrogen adsorption–desorption isotherms and BJH pore size distributions
f aged precursor (a) and E-�-gal-MIT (b).

Experimental data demonstrated that the specific activity of E-
-gal-P was higher than E-�-gal-W, and the specific activity of
-�-gal-MIT was higher than E-�-gal-P (Table 2). Above mentioned
esults suggested that the lactose molecular provide effective
rotection for E-�-gal-MIT, and that the protective effect of pre-

reatment of MIT was better than protective agent. The specific
ctivity of free �-gal was higher than that of E-�-gal-P and E-�-
al-W, indicating that �-gal molecule may be attacked by some
eagents during encapsulation. On the other hand, the specific

able 1
ore size, pore volume and BET surface area of aged precursors and E-�-gal-MIT
fter washing.

Sample BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (Å)

Aged precursors 368 0.250 27.2
E-�-gal-MIT 289 0.196 27.1

able 2
omparison of specific activity of immobilized and free �-gal.

Substrate Specific activity (U/mg)

E-�-gal-W E-�-gal-P E-�-gal-MIT Free �-gal

Lactose 198 257 566 390
ONPG 476 612 879 671
sis B: Enzymatic 63 (2010) 75–80 79

activity of free �-gal was lower than that of E-�-gal-MIT, confirm-
ing that pretreatment of MIT not only protected �-gal molecule
from harmful effects resulted from encapsulation system but also
enhanced the catalytic activity of �-gal due to favorable con-
formational change. With both lactose and ONPG as substrates,
respectively, the activity of E-�-gal-MIT was enhanced about 3-
fold and 1.8-fold compared with E-�-gal-W. This 1.2-fold difference
demonstrated that E-�-gal-MIT displayed higher recognition speci-
ficity for native substrate owing to the subtle conformational
change induced by lactose.

Generally, the function of enzyme depends on its structure.
The enzymatic activity is essentially related to its conformation.
In this experiment, lactose entered active site of �-gal upon MIT
process and induced conformational change in �-gal. Such subtle
change contributed to the formation of the accessible conforma-
tional space in active site. During succeeding encapsulation, �-gal
was gradually confined in limited space of inorganic silica skeleton
so that the induced conformation was “fixed” to some extent. Even
though lactose was removed through washing, the induced confor-
mation might not revert to the former conformation. As a result, the
catalytic activity of encapsulated �-gal was reinforced. In “E-�-gal-
MIT” encapsulation, lactose might play the role of dual protection
for �-gal. Firstly, the lactose molecular binding in the active site
pocket could avoid the attack of other reagents to key amino acid
residues. Secondly, �-gal was surrounded by a hydration layer that
played a primary role in maintaining the catalytic activity of �-gal
under physiological conditions. Hydration layer of �-gal might be
destroyed by chemical reagents such as HCl, ethanol and the silicate
during entrapment. Added lactose as polyol, forming “sugar shell”
around the �-gal, was responsible for the maintenance of three-
dimensional structure of �-gal and protection of hydration layer.
Furthermore, owing to the presence of “sugar shell”, the direct
contact between �-gal and inorganic skeleton was avoided. After
removal of “sugar shell” through washing, the inorganic skeleton
provided enough space for �-gal to maintain its flexibility in cat-
alytic reaction. The existence of such space was essential to the
presence of catalytic behavior of enzyme [25,26].

Thus, it is feasible that the enzyme is stabilized using pretreat-
ment of MIT, and then its induced conformation is “frozen” using
entrapment. Gill has also proposed the similar conclusion that
the enzyme should be stabilized before encapsulation [27]. It is
assumed that pretreatment of molecular imprinting technique can
be applied to the immobilization of many enzymes. In pretreatment
of MIT, induced favorable conformation of �-gal was locked using
liquid nitrogen. After “fish-in-net” entrapment, �-gal in silica-
based matrix possessed more population of favorable conformer,
and thus encapsulated �-gal could exhibit higher enzymatic activ-
ity than that in dilute solution. It is suggested that even if the locked
favorable conformation of encapsulated �-gal was unlocked after
the removal of lactose molecule, �-gal in silica-based matrix still
could maintain favorable conformation to some extent. Due to the
effect of macromolecular crowding and molecular confinement,
induced favorable conformers of �-gal in silica-based matrix could
be retained and enriched [12,28]. Ackerman and co-workers had
also obtained the immobilized organophosphorus hydrolase with
higher specific activity as compare to enzymes in stock solution
using physical adsorption method [29], which was consistent with
our results. Certainly, all descriptions on protective mechanism in
this manuscript are some hypotheses, and future work should be
performed to further ascertain why this happens.
3.4. pH stability

The activity of �-gal from Aspergillus oryzae before and after
immobilization was less susceptible to pH changes in the range
of 3.6–10.8 (Fig. 4). At pH 2.5, both soluble and immobilized �-gal
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ig. 4. The pH dependence of stability of free �-gal (�) and E-�-gal-MIT (�). The
pecific activity of E-�-gal-MIT (879 U/mg) at pH 7.0 and 37 ◦C with ONPG as sub-
trate was taken as control (100%). Other specific activity was assayed at various pH
2.5–10.8).

ost the activity completely. The stability of encapsulated �-gal was
lightly better than free �-gal when pH changed from 3.6 to 10.8.

.5. Operational stability

As above mentioned in Section 3.1.2, three-dimensional size of
-gal from Aspergillus oryzae is so big that cannot escape from the
atrix that possesses mean pore size of 2.7 nm. No �-gal leached

ut from the matrix. Moreover, E-�-gal-MIT displayed a perfect
eusability owing to no leakage. After nine runs, the hydrolysis
ctivity still maintained almost 100% of its initial activity. The
esults sufficiently demonstrated that E-�-gal-MIT was suitable for
he system of successive operations.

. Summary and conclusions

In this experiment, encapsulated �-gal was successfully pre-
ared, based on “fish-in-net” encapsulation route and molecular

mprinting technique. In pretreatment of molecular imprinting
echnique, lactose was used as the ligand of �-gal, and could
fficiently induce “enzyme memory”. In “fish-in-net” entrapment,
actose was used as the protective agent for �-gal. Therefore,
he whole encapsulation process was different from the immo-

ilization with simple substrate protection. The encapsulated
-gal pretreated by molecular imprinting technique possessed
igher activity than �-gal without protection. Compared with
he encapsulated �-gal without protection, the specific activity
f encapsulated �-gal pretreated by molecular imprinting tech-

[

[
[
[

sis B: Enzymatic 63 (2010) 75–80

nique was increased 3-fold and 1.8-fold when lactose and ONPG
were used as substrate, respectively. Moreover, the immobilized �-
gal pretreated by molecular imprinting technique exhibited good
reusability during nine cycles and even higher specific activity than
free �-gal. Hence, through modified approach which combined
“fish-in-net” encapsulation with molecular imprinting technique,
the enzymatic behavior of encapsulated �-gal was well improved.

Acknowledgment

This work was financially supported by the National High
Technology Research and Development Program of China (“863”
Program, 2006AA02Z232).

References

[1] C. Giacomini, G. Irazoqui, P. Gonzalez, F. Batista-Viera, B.M. Brena, J. Mol. Catal.
B: Enzyme 19–20 (2002) 159–165.

[2] Á.P. Rodrı̌ıguez, R.F. Leiro, M.E. Cerdaı̌n, M.I.G. Siso, M.B. Fernı̌andez, J. Mol.
Catal. B: Enzyme 52–53 (2008) 178–182.

[3] T. Haider, Q. Husain, Int. J. Biol. Macromol. 41 (2007) 72–80.
[4] E.J. Mammarella, A.C. Rubiolo, J. Mol. Catal. B: Enzyme 34 (2005) 7–13.
[5] B.C.C. Pessela, R. Fernández-Lafuente, M. Fuentes, A. Vián, J.L. García, A.V. Car-

rascosa, C. Mateo, J.M. Guisán, Enzyme Microb. Technol. 32 (2003) 369–374.
[6] J. Szczodrak, J. Mol. Catal. B: Enzyme 10 (2000) 631–637.
[7] C. Lee, T. Lin, C. Mou, Nano Today 4 (2009) 165–179.
[8] X.Y. Yang, Z.Q. Li, B. Liu, A. Klein-Hofmann, G. Tian, Y.F. Feng, Y. Ding, D.S. Su,

F.S. Xiao, Adv. Mater. 18 (2006) 410–414.
[9] Y. Wan, D.Y. Zhao, Chem. Rev. 107 (2007) 2821–2856.
10] N.L. Rosi, C.A. Mirkin, Chem. Rev. 105 (2005) 1547–1560.
11] Y.H. Jin, S. Kannan, M. Wu, J.X.J. Zhao, Chem. Res. Toxicol. 20 (2007) 1126–1133.
12] A.P. Minton, J. Biol. Chem. 276 (2001) 10577–10580.
13] X.G. Wang, K.S.K. Lin, J.C.C. Chan, S. Cheng, J. Phys. Chem. B 109 (2005)

1763–1769.
14] C. Giacomini, A. Villarino, L. Franco-Fraguas, F. Batista-Viera, J. Mol. Catal. B:

Enzyme 4 (1998) 313–327.
15] C.S. Kim, E.S. Ji, D.K. Oh, Biotechnol. Lett. 25 (2003) 769–1774.
16] M.M. Bradford, Anal. Biochem. 72 (1976) 248–254.
17] Y. Ito, T. Sasaki, K. Kitamoto, C. Kumagai, K. Takahashi, K. Gomi, G. Tamura, J.

Gen. Appl. Microbiol. 48 (2002) 135–142.
18] A.L. Rojas, R.A.P. Nagem, K.N. Neustroev, M. Arand, M. Adamska, E.V. Eneyskaya,

A.A. Kulminskaya, R.C. GarrattA, M. Golubev, I. Polikarpov, J. Mol. Biol. 343
(2004) 1281–1292.

19] T.A. Tatusova, T.L. Madden, FEMS Microbiol. Lett. 174 (1999) 247–250.
20] T. Yamada, H. Zhou, K. Asai, I. Honma, Mater. Lett. 56 (2002) 93–96.
21] G. Wanka, H. Hoffmann, W. Ulbricht, Macromolecules 27 (1994) 4145–4159.
22] M.A.U. Martines, E. Yeong, A. Larbot, E. Prouzet, Microporous Mesoporous

Mater. 74 (2004) 213–220.
23] D.Y. Zhao, J.L. Feng, Q.S. Huo, N. Melosh, G.H. Fredrickson, B.F. Chmelka, G.D.

Stucky, Science 279 (1998) 548–552.
24] G.A. Tompsett, L. Krogh, D.W. Griffin, W.C. Conner, Langmuir 21 (2005)

214–8225.
25] C.L. Tsou, Science 262 (1993) 380–381.

26] J. Broos, A.J.W.G. Visser, J.F.J. Engbersen, W. Verboom, A.V. Hoek, D.N. Reinhoudt,

J. Am. Chem. Soc. 117 (1995) 12657–12663.
27] I. Gill, Chem. Mater. 13 (2001) 3404–3421.
28] H. Zhou, K.A. Dill, Biochemistry 40 (2001) 11289–11293.
29] C. Lei, Y. Shin, J.K. Magnuson, G. Fryxell, L.L. Lasure, D.C. Elliott, J. Liu, E.J. Ack-

erman, J. Am. Chem. Soc. 124 (2002) 11242–11243.


	Encapsulation of beta-galactosidase from Aspergillus oryzae based on "fish-in-net" approach with molecular imprinting technique
	Introduction
	Experimental
	Materials
	Measurement of ethanol tolerance capacity
	Modified "fish-in-net" encapsulation
	Characterization of the matrix
	Enzymatic activity assay
	Encapsulation yield in different models
	Lactose assay
	ONPG assay

	Measurement of pH stability
	Assessment of operational stability

	Results and discussion
	Identification of properties of free beta-gal
	Ethanol tolerance capacity
	The size of enzyme molecule and substrate
	The design of the diameter of the mass transfer channel

	Characteristic of the mesoporous material after encapsulation
	Comparison of the specific activity of free beta-gal, E-beta-gal-MIT, E-beta-gal-P and E-beta-gal-W and protective mechanism of pretreatment of MIT
	pH stability
	Operational stability

	Summary and conclusions
	Acknowledgment
	References


