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a  b  s  t  r  a  c  t

For  the  first  time,  lipase  from  Candida  rugosa  was  successfully  entrapped  into  various
cellulose–biopolymer  composite  hydrogels  by  using  a biocompatible  ionic  liquid,  1-ethyl-3-
methylimidazolium  acetate  ([Emim][Ac]).  Lipase-entrapped  cellulose  and  cellulose–biopolymer
composite  hydrogel  beads  were  simply  prepared  by  co-dissolution  of  biopolymers  in  [Emim][Ac]  and
dispersion  of  lipase  in  biopolymer  solution  followed  by formation  of  biopolymer  hydrogel  using  distilled
eywords:
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ntrapment

water.  Immobilization  yields  (specific  activity  ratio  of  entrapped  lipase  to free  lipase)  of  cellulose,
cellulose–carrageenan,  cellulose–chitosan,  cellulose–agarose,  and  cellulose–agar  bead  were  35.0,  9.6,
39.7, 41.4,  and  52.6%,  respectively.  Cellulose–biopolymer  composite  hydrogels  proved  to  be  good
supports  for  entrapment  of enzymes  and  have  many  potential  applications,  including  drug  delivery,
biosensors,  biofuel  cells,  and  tissue  engineering  due  to  their  inherent  excellent  biocompatibility  and
biodegradability.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Gels are defined as three-dimensional polymer networks
wollen by large amounts of solvent. Hydrogels are usually struc-
ures formed from natural or synthetic polymers, and contain
arge amounts of trapped water [1].  Recently, biopolymer-based
ydrogels have received considerable attention for applications

n biomedical fields, including tissue engineering, drug delivery
ystems, contact lenses, and biosensors, because of their inherent
iocompatibility and biodegradability [2]. Various hydrogels from
iopolymers have been fabricated by using hyaluronate, alginate,
garose, starch, gelatin, cellulose, chitosan, and their derivatives.

Cellulose is the most abundant renewable biopolymer. It has
xcellent thermal and mechanical properties and biocompati-
ility, and for economic and scientific reasons, is a promising
aterial for biochemical engineering [3,4]. Cellulose hydrogel can

e prepared from a cellulose solution through physical cross-
inking, because cellulose has abundant hydroxyl groups which
an form hydrogen bonds. However, the development of cellu-
ose hydrogel has been hampered by the difficulty of dissolving

ellulose, because cellulose is highly crystalline. Recently, ionic
iquids (ILs) have been developed to dissolve cellulose, provid-
ng great opportunities for the preparation of cellulose hydrogels.

∗ Corresponding author. Tel.: +82 2 2049 6269; fax: +82 2 3437 8360.
E-mail address: sanghlee@konkuk.ac.kr (S.H. Lee).

381-1177/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2011.11.011
ILs are organic salts that usually melt at temperatures <100 ◦C.
Interest in ILs stems from their potential applications as ‘green sol-
vents’. ILs are good solvents for polar organic, nonpolar organic,
inorganic, and polymeric compounds [5]. Cellulose hydrogels have
been prepared by regenerating a cellulose solution in 1-allyl-3-
methylimidazolium chloride ([Amim][Cl]) using deionized water
as a coagulant [6].  Additionally, biopolymers such as chitin, chi-
tosan, silk, and DNA can be fabricated from ILs to produce films,
membranes, fibers, spheres, and molded shapes [4].  Therefore,
various biopolymer composite hydrogels can also be prepared by
co-dissolution of two or more biopolymers into ILs. Recently, Sun
et al. [7] prepared cellulose–chitosan composite beads using 1-
butyl-3-methylimidazolium chloride ([Bmim][Cl]) for heavy metal
ion adsorption. Blending of different biopolymers is an extremely
attractive inexpensive and advantageous method to obtain new
structural materials. Cellulose-based composite hydrogels blended
with various biopolymers will create novel materials for special
applications [1,8].

Enzymes have been recognized as efficient and environmen-
tally friendly catalysts because of their high specificity and catalytic
activity under mild conditions. However, the industrial applica-
tions of enzymes have been limited due to their low stability, and
difficult recovery for subsequent use. Enzyme immobilization is

the most commonly used strategy to overcome these drawbacks
[9]. Entrapment, one of the immobilization techniques, can be
defined as physical restriction of an enzyme within a confined poly-
mer  network, and unlike support binding, requires the synthesis

dx.doi.org/10.1016/j.molcatb.2011.11.011
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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f a polymeric network in the presence of enzymes [9].  Vari-
us polysaccharide hydrogels such as alginate, chitosan, agarose,
nd carrageenan have been employed for the entrapment of a
umber of enzymes such as lipases, lactases, invertase, endo-ˇ-
lucanase, and peroxidase [10–14].  However, at this time, there
re few reports on the entrapment of enzymes into non-derivatized
ellulose. Even though microbial cells, not isolated enzymes, were
ntrapped within a cellulose fiber and beads with a mixture of
-ethylpyridinium chloride and dimethylformamide [15,16],  the

esulting fiber was generally brittle due to insufficient gelation [17].
ecently, Turner et al. [18] attempted to use ionic liquid [Bmim][Cl]
o entrap laccase into a cellulose membrane. The enzyme was
ntrapped into cellulose but showed low residual activity because
f IL-induced denaturation. It was known that ILs capable of dis-
olving cellulose also have a denaturing effect on enzymes. It
s expected that the activity of the entrapped enzyme could be
nhanced by using ILs, which cannot only dissolve cellulose but
lso do little harm to enzymes.

In this study, for the enzyme entrapment we  used 1-ethyl-3-
ethylimidazolium acetate ([Emim][Ac]), which is known to be

ne of the best solvents for lignocellulosic materials among the ILs
19,20]. In addition, [Emim][Ac] is one of the most promising candi-
ates for industrial applications due to its low viscosity, low melting
oint, non-toxicity, and biodegradability [19,21]. Lipase from Can-
ida rugosa,  which has more industrial applications than any other
nzymes: pharmaceutical, cosmetics, food, perfumery, and biore-
ediation [22], was entrapped into cellulose hydrogel beads with

igh residual activity. Moreover, the lipase was successfully immo-
ilized in various cellulose composite hydrogel beads formed with
garose, chitosan, carrageenan, and agar as a counter biopolymer.
o the best of our knowledge, this is the first report concern-
ng the successful entrapment of enzyme into non-derivatized
ellulose–biopolymer composite hydrogels.

. Materials and methods

.1. Materials

Cellulose (microcrystalline), chitosan (high molecular weight,
eacetylation degree of 75%), carrageenan (Type I, predominantly �
nd lesser amounts of � carrageenan), 1-ethyl-3-methylimidazolim
cetate ([Emim][Ac]), p-nitrophenyl butyrate, p-nitrophenol, iso-
ropanol, and lipase from C. rugosa were purchased from
igma–Aldrich (St. Louis, MO,  USA). Agarose was  purchased from
iopure (Ontario, Canada). Agar (gel strength 500–1000 g/cm2) and
odium alginate were purchased from Samchun Pure Chemical
Seoul, Korea). All other chemicals used in this study were of ana-
ytical grade and used without further purification.

.2. Preparation of cellulose–biopolymer composite hydrogel
eads containing lipase

To prepare cellulose hydrogel beads, 5, 6, and 7% of cellulose
ere dissolved in 5 mL  of [Emim][Ac] under stirring at 80 ◦C for 3 h.

ransparent cellulose solutions were dried under vacuum at 60 ◦C
o remove air bubbles. One milliliter of each cellulose solution was

ixed with 100 mg  of the lipase powder at room temperature. The
esultant mixture was then added drop-wise into 1 L of distilled
ater with vigorous stirring at a rate of 50 �L/min, and accom-
lished using a 5 mL  plastic syringe with a 26-gauge needle and a

yringe pump (LSP01-2A, Longer Pump, China). The hydrogel beads
ere cured in distilled water for 1 h. Washing was  conducted 3

imes, and the absence of [Emim][Ac] was confirmed by measuring
he optical density of the washing solution at 211 nm.
lysis B: Enzymatic 75 (2012) 68– 72 69

To prepare cellulose–biopolymer composite hydrogel beads,
55 mg  of chitosan, carrageenan, agar, and agarose were dissolved
in 5 mL  of [Emim][Ac] with vigorous stirring at 80 ◦C for 12 h. After
the clear biopolymer solutions were obtained, 275 mg  of cellulose
was  mixed with each biopolymer solution and the mixtures were
then stirred at 80 ◦C for an additional 2 h. Yellowish and transparent
cellulose–biopolymer solutions were dried under vacuum at 60 ◦C
to remove air bubbles. Each cellulose–biopolymer solution (1 mL)
was  mixed with 100 mg  of the lipase powder at room temperature.
The resultant mixture was then used to make cellulose–biopolymer
hydrogel beads by the same procedure used for preparation of cel-
lulose hydrogel beads.

2.3. Determination of entrapped protein content and lipase
activity

The amount of protein entrapped in the beads was measured
with the Micro BCATM Protein Assay Kit (Thermo Scientific, USA)
using standard protocol. Each cellulose–biopolymer composite
bead was  also prepared without the lipase to be used as a back-
ground for BCA assay. Hydrolytic activity of entrapped lipase was
determined by spectrophotometric assay [23]. A hydrogel bead
containing lipase was placed in a 50 mL Falcon tube together with
10.5 mL  of 0.1 M phosphate buffer (pH 7.0). The reaction was  started
by adding 0.5 mL  of substrate solution prepared by dissolving
10 mM  p-nitrophenyl butyrate in isopropanol and carried out at
25 ◦C in a water bath with shaking at 150 rpm. Periodically, 300 �L
of aliquots were removed, diluted with 300 �L of acetonitrile, and
then centrifuged to obtain supernatant. The activity was expressed
as the initial rate and determined by measuring the increase in
absorbance at 405 nm by the p-nitrophenol produced during the
lipase-catalyzed hydrolysis of p-nitrophenyl butyrate. The initial
rate measurements were carried out in triplicate. After reaction for
1 h, hydrogel beads were washed with phosphate buffer (0.1 M,  pH
7.0) and their residual activities were determined by subsequent
reaction.

2.4. Bead characterization

The size of the composite hydrogel beads was measured using
a digital caliper (Fuso, Japan). The diameter of each bead was  mea-
sured at 3 different angles and averaged. In this way, 10 beads
were used to provide an average bead size. The dry weight of
the composite beads was  measured after drying at 60 ◦C for 12 h.
The surface of the freeze-dried beads was  studied using scanning
electron microscopy (JSM 6308, JEOL, Japan). All samples were
sputter-coated with gold prior to observation.

3. Results and discussion

3.1. Entrapment of lipase in cellulose hydrogel beads

Preparation of enzyme-entrapped cellulose hydrogel has been
limited by difficulty in selecting a suitable solvent to dissolve cellu-
lose without inactivating enzyme. Although [Bmim][Cl] was used to
entrap laccase, the residual activity was  only ∼18%, due to enzyme
denaturing conditions by [Bmim][Cl] containing a high concentra-
tion of [Cl−] [18,24]. In this study, [Emim][Ac], which was used as
an enzyme-friendly co-solvent for resolution of amino acids [25],
was  first employed to dissolve cellulose and entrap enzyme. For
the preparation of cellulose hydrogel beads, extrusion of over 8%
cellulose solution from a syringe needed too much time and the

formed cellulose beads showed irregular spherical shapes, while
hydrogel beads formed from less 4% cellulose solution were easily
breakable. Finally, 5% cellulose solution was  mixed with the lipase
and then coagulated by distilled water. The lipase was successfully
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Table 1
Influence of biopolymer composites on the hydrolytic activity of entrapped lipase.

Biopolymer
concentration in
[Emim][Ac]

Activity
(×10−3 �
mol/min/bead)

Protein content
(�g protein/bead)

Specific activity
(�mol/min/mg
protein)

Immobilization
yield (%) a

Wet  bead
size (mm)

Dried bead
weight (mg) b

Loaded protein
(mg
protein/mg)

Residual
activity after
reuse (%)

5% cellulose 34.7 ± 1.5 20.1 ± 0.8 1.73 ± 0.14 24.0 2.0 ± 0.1 0.50 0.040 85.6 ± 1.8
6%  cellulose 52.7 ± 3.4 20.9 ± 2.0 2.52 ± 0.05 35.0 2.0 ± 0.0 0.52 0.040 83.6 ± 6.4
7%  cellulose 72.5 ± 5.2 27.9 ± 0.7 2.60 ± 0.23 36.1 2.1 ± 0.1 0.64 0.044 81.8 ± 0.5
5%  cellulose, 1%

carrageenan
20.2 ± 1.7 29.3 ± 1.3 0.69 ± 0.10 9.6 2.2 ± 0.0 0.53 0.055 90.0 ± 1.9

5%  cellulose, 1%
chitosan

46.6 ± 2.8 16.3 ± 0.2 2.86 ± 0.15 39.7 2.1 ± 0.0 0.64 0.025 74.4 ± 4.9

5%  cellulose, 1%
agarose

78.0 ± 3.6 26.2 ± 1.3 2.98 ± 0.20 41.4 2.1 ± 0.1 0.52 0.050 95.9 ± 4.0

5%  cellulose, 1%
agar

103.7 ± 6.7 27.4 ± 2.9 3.79 ± 0.25 52.6 2.4 ± 0.0 0.54 0.051 88.4 ± 6.4

f free l

e
b
a
t
o

a Immobilization yield (%) = (specific activity of entrapped lipase/specific activity o
b Average weight of a bead calculated from 20 beads dried at 60 ◦C for 12 h.

ntrapped into cellulose hydrogel beads and the formed spherical

eads showed sufficient rigidness. The entrapped lipase showed
ctivity of 34.7 × 10−3 �mol/min per a bead and the entrapped pro-
ein content was  20.1 �g per a bead (Table 1). The specific activity
f free lipase was 7.20 �mol/min/mg protein when p-nitrophenyl

Fig. 1. Scanning electron micrograph of freeze-dried cellulose–biopolymer beads. (a)
ipase) × 100.

butyrate was  used as a substrate. Therefore, immobilization yield,

which is defined as a ratio of specific activity of entrapped lipase
to that of free lipase, for the cellulose hydrogel beads was 24%.
On the basis of dry weight, maximum loaded protein per a bead
was  4 wt%. By increasing cellulose concentration from 5% to 7%,

 Cellulose, (b) cellulose–chitosan, (c) cellulose–agar, and (d) cellulose–agarose.
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ig. 2. Enlarged scanning electron micrograph of freeze-dried cellulose–biopolyme

ctivity, loaded protein content, specific activity, immobilization
ield, size, and weight of hydrogel bead containing lipase were
ncreased. Increased bead size and weight can be simply explained
y the increased viscosity of the cellulose solution. Enhanced

oaded content of protein with increasing cellulose concentration
as similarly shown in the entrapment of lipase into alginate beads

n our previous results [11]. However, the increased immobiliza-
ion yield with increasing cellulose concentration should be further
tudied, because enzymes entrapped with higher concentration of
iopolymer generally showed lower specific activity due to the
onformational change of enzyme and/or limitation of substrate
ransfer [10,11]. Possible reasons for enhanced immobilization
ield might be the protection of lipase from unfavorable conditions
f [Emim][Ac] by high concentrations of cellulose. The introduc-
ion of [Emim][Ac] enabled the lipase to be entrapped in cellulose
ydrogel beads with high immobilized yields.

.2. Entrapment of the lipase in cellulose–biopolymer composite
ydrogel beads

Development of composites containing two or more biopoly-
ers is a simple and attractive method to obtain new functional
aterials. Several cellulose composites were prepared by blending

ith biopolymers such as starch, alginate, and chitosan. How-

ver, cellulose–biopolymer composites were usually prepared
ith chemically functionalized cellulose or an interpenetrating
ethod, because mutual dissolution of two or more biopolymers
s. (a) Cellulose, (b) cellulose–chitosan, (c) cellulose–agar, and (d) cellulose–agarose.

containing cellulose in the same solvents is very difficult and gela-
tion conditions for different biopolymers are not the same. To
prepare cellulose–biopolymer composites, ILs can be used as a
good solvent due to their high dissolution power for biopolymers.
Recently, we  prepared cellulose–chitosan fiber by electrospin-
ning using IL as a solvent [26]. Both cellulose and chitosan
were successfully dissolved in [Emim][Ac] and simply coagu-
lated with ethanol. In this study, to prepare cellulose–biopolymer
composite hydrogels, the solubilities of various biopolymers
such as agar, agarose, chitosan, carrageenan, and alginate in
[Emim][Ac] were first measured. The solubilities of agar, agarose,
chitosan, and carrageenan in [Emim][Ac] were ∼3, 5, 4, and
2 wt%, respectively. Solubility of sodium alginate was too low
to be measured. Both cellulose (5%) and each biopolymer (1%)
were dissolved in [Emim][Ac] and cellulose–biopolymer hydro-
gels were successfully prepared by using the same procedure to
make cellulose hydrogel. The lipase was also entrapped into var-
ious cellulose–biopolymer composite hydrogels. Table 1 shows
the effects of cellulose–biopolymer composite hydrogels on the
entrapped lipase. The cellulose–agar hydrogel showed the high-
est activity, specific activity, and immobilization yield of the tested
cellulose beads and cellulose–biopolymer composites. Betigeri and
Neau [10] used chitosan, alginate, and agarose hydrogel to entrap

lipase. They reported that agarose beads proved to be suscepti-
ble to swelling and disintegration. Pure agar may  not be suitable
for enzyme entrapment, because agar is a mixture of agarose
and agaropectin. However, cellulose–agar hydrogel prepared in
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his study showed sufficient hardness and high specific activity.
hile the cellulose–chitosan beads exhibited the lowest loaded

rotein, the cellulose–carrageenan beads showed the highest pro-
ein loading, but the specific activity of the entrapped lipase was
he lowest. The possible reason for poor immobilization yield in
he cellulose–carrageenan beads might be a polymeric interaction
ith the lipase, either physical or ionic in nature. The possibil-

ty of interaction of the carrageenan specifically with the active
ipase site cannot be excluded. As a result, the immobilization
ield of cellulose–biopolymer composite was increased in the order
f carrageenan < chitosan < agarose < agar. Cellulose–biopolymer
omposite beads, except for cellulose–carrageenan, showed higher
mmobilization yields than cellulose beads. These results indi-
ate that cellulose–biopolymer composite hydrogels can be used
s more efficient supports for enzyme entrapment than cellulose
ydrogel. When the cellulose–biopolymer composite beads were
ompared in terms of the bead size and weight, the swelling degrees
f agar and carrageenan was greater than those of cellulose and chi-
osan. This may  be caused by higher water solubilites of agar and
arrageenan.

The dependence of bead morphology on the biopolymer was
lso examined. The surfaces of cellulose–biopolymer beads were
bserved using a scanning electron microscope and the SEM images
re shown in Figs. 1 and 2. Freeze-dried cellulose beads showed a
mooth surface and its shrinkage was minimum among the tested
ellulose–biopolymer beads. The cellulose–chitosan beads showed

 tougher surface than other cellulose–biopolymer beads. The sur-
ace of cellulose–agarose bead was heterogeneous. However, all
ellulose–biopolymer beads did not shrink to a great extent dur-
ng a freeze-drying process. These results mean that the swelling
egree or surface characteristics of a biopolymer hydrogel can be
ontrolled by blending two or more different biopolymers using
Ls.

The residual activities after reuse of lipase-entrapped
ellulose–biopolymer beads were measured (Table 1). It showed
hat the release of entrapped lipase from cellulose–biopolymer
eads was not severe, and the operational stability of entrapped

ipase may  be controlled by changing the kind and content of
iopolymer. Cellulose–agarose bead showed the highest residual
ctivity, while the residual activity of cellulose–chitosan bead was
owest among tested cellulose–biopolymer beads.

. Conclusions

We have achieved entrapment of lipase into cellulose hydro-

el beads with high immobilization yields by using [Emim][Ac]
s a dissolving solvent of cellulose. The lipase could be also
ntrapped into various cellulose–biopolymer composite hydro-
els with higher immobilization yields than cellulose beads. Our

[

[

lysis B: Enzymatic 75 (2012) 68– 72

procedure for enzyme entrapment in biopolymer hydrogels was
simple and mild: dissolution of biopolymers in [Emim][Ac], dis-
persion of enzyme in the biopolymer solution, followed by
reconstitution of biopolymers with water for hydrogel forma-
tion. Considering that cellulose–biopolymer hydrogels have many
favorable properties such as hydrophilicity, biodegradability, bio-
compatibility, transparency, low cost, and non-toxicity, the present
study has wide applications for controllable drug delivery, protein
therapeutics, biosensors, biofuel cells, and tissue engineering.
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