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Abstract

Biocatalytic synthesis op-methylglucoside methacrylate/acrylate by the esterificatiop-nfethylglucoside with vinyl methacry-
late/acrylate was carried out using an immobilized lipase f@andida antarcticgNovozym 435) in organic solvents. Among five model
solvents including-butanolt-amyl alcohol, acetone, acetonitrile and 1,4-dioxaeitanol was found to be an optimal solvent. The amount
of 5% (w/v) Novozym 435 resulted in the highest conversion after 48 h, and 1:3 molar rg@timethylglucoside to vinyl methacrylate
showed 100% final conversion after 24 h. The optimal initial concentratigaroéthylglucoside and temperature determined from the
initial rate and final conversion were observed at 60 g/l and{0espectively. The productivity of sugar esters could be enhanced by the
heterogeneous reaction mixture and the additiogrofethylglucoside after one cycle of reaction in homogeneous reaction. Based on the
over 95% of cell viability by MTT assay, produced sugar esters were found to be highly biocompatible. Structural analysis of products
was performed by FT-IR antfC NMR.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction esters have been used as not only the main starting materi-
als for industrial products of cosmetics and detergents but

The use of lipase, a biocatalyst, in organic media has beenalso the monomers of polymeric materials for biomedical
increased dramatically in recent years. In general, lipase isand optical applications, i.e. a drug carrier and contact lens
divided into either 1,3-specific lipase with regioselectivity at [8,9].
1,3-carbons or non-specific lipase without regioselectivity In general, sugars have poor solubility in most organic
during the hydrolysis of triacylglyceridg]. solvents. In our previous article, we found thabutanol,

In particular, Novozym 435 fronCandida antarcticais which could solubilize desired amounts of sugars, was a
known as a non-specific lipase. It promotes the reaction more efficient solvent for the synthesisfnethylglucoside
between a wide range of alcohols and vinyl e§®y and is ester witha-hydroxy acids than other solver{t0].

a very heat-tolerant enzyme indicating maximum activity in ~ In this study, we performed optimizations of reaction

the range 70-9¢C [3]. Several works have been reported parameters such as amount of enzyme, molar ratio of sub-
on Novozym 435-catalyzed esterification in solvent-free strates, initial concentration of substrate and reaction tem-
process as well as in solvent proc¢$s6]. perature to increase productivity as well as to reduce reaction

Enzymatic esterification of sugars offers an alternative time. Moreover, the heterogeneous reaction system contain-
to poor selectivity of chemical synthegi&]. Sugars used ing an excess initial concentration @fmethylglucoside,
in esterifications are biocompatible and biodegradable andand the addition effect oB-methylglucoside after one cy-
reveal antimicrobial activity. Therefore, sugar-containing cle of reaction were also studied to enhance the amount of

product. In vitro cytotoxicity tests of products were per-
T Coresponding author, Present address: 134 Shinchon-dong formed using MTT assay to verify the biocompatibility. The
Seodaemoon-ku, Seoul i20—749, South korea. T582—2—2123—2Y751; product,3-methylglucoside acrylate (or methacrylate), was
fax: +82-2-312-6401. characterized by structural analyses using FT-IR &
E-mail addresshaam@yonsei.ac.kr (S. Haam). NMR.
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2. Experimental

2.1. Materials

Novozym 435 (Lipase B fror. antarcticg a hon-specific
lipase immobilized on a macroporous acrylic resin,

10,000 PLU (propy! laurate units)/g) was purchased from > i

Novo Nordisk A/S (Bagsvaerd, Denmarl@:-Methylgluco- || || 0000088 4
side 3-MG) and molecular sieves (3 A, powder form) were [ E I I D
purchased from Sigma (St. Louis, MO). Vinyl acrylate (VA) % v ([ @E
and vinyl methacrylate (VMA) were purchased from TCI [ w L) ‘
(Japan)t-Butanol and-amyl alcohol were purchased from jL

Fluka (SQuentin-Fallavier, Switzerland). Acetone, acetoni- ! )

trile, and 1,4-dioxane were supplied by Junsei (Japan). All & M amp o Chromatograph Fraction collector

other chemicals were of analytical grade, and the solvents

were dried with molecular sieves prior to use for 24 h. Fig. 1. Schematic representation of a liquid chromatographic setup.

) o 2.3. Purification
2.2. Enzymatic esterification
_ After the reaction, the mixture was filtered to remove en-
~ Effect of solvents3-MG and VMA, which were prepared  zyme and dried under reduced pressure &tGlCEquivol-
in molar ratio of 1:2, were added in 20 ml screw capped test yme of chloroform was added to the reaction mixture. The
tubes containing 10 ml reaction media (acetone, acetonitrile, mixture was mixed vigorously for 2 h and filtered to elimi-
t-amyl alcoholt-butanol, and 1,4-dioxane) and 1% (w/v) of  nateB-MG remaining as a solid phase in chloroform. Then
Novozym 435. The media was stirred magnetically, and the the filtered chloroform was evaporated at°@under re-
reactions were performed at 50 for 24 h. duced pressure.
Effect of enzyme conterithe molar ratio of3-MG and To separate the reaction mixture includiBgiG, MGA
VMA was 1:2. Various concentrations, 1, 3, and 5% (W/V), and MGMA, ||qu|d Chromatography was used with carbo-
of Novozym 435 were added in 10 ml of a selected optimal hydrate column (Nova-Pak,.8lmm x 250 mm) and auto

solvent to start esterifications at 30. fraction collector with 30s of time intervalF{g. 1). Re-
Effect of molar ratio The amount of Novozym 435 was  action mixture was dried to remove solvent under reduced
kept constant at 5% (w/v). The molar ratios @MG to pressure and dissolved in methanol (50%, v/v). An acetoni-
VMA were 1:1, 1:2 and 1:3. Reactions were performed in trile/methanol/water mixture (50:30:20, v/v) was used as the
10ml of a selected optimal solvent at SD. mobile phase. The flow rate was 0.5 ml/min, and 0.5 ml vol-

Effect of reaction temperaturdhe amount of Novozym  yme of the sample was injected into the chromatograph.
435, and the molar ratio @§-MG and VMA were 5% (w/v)

and 1:3, respectively. The reaction temperatures were 45,2 4. Analysis
50, 55, and 60C.

Effect of initial concentration oB-MG: The amount of Enzymatic reactions were monitored by analysis of the
Novozym 435, and the molar ratio @-MG and VMA, conversion rate op-MG using HPLC (Waters) consisting
and reaction temperature were 5% (w/v), 1:3, andGQ of 600E isocratic pump, a carbohydrate column (Nova-Pak,
respectively. The initial concentrations BfMG were 30, 4.6 mm x 250 mm), a R401 refractive index detector, and
40, 50, and 60 g/I. a M746 integrator. The injection volume was 20and the

Synthesis ofg-methylglucoside acrylate (MGA) and column temperature was kept at35. The eluent used for
B-methylglucoside methacrylate (MGMA) at optimal con- quantification of3-MG was acetonitrile/water (85:15, v/v).
ditions The initial concentration op-MG, the molar ratio The retention time fop-MG was about 5.1 min at a flow rate
of B-MG to VMA (or VA), the amount of enzyme and tem-  of 1.2 ml/min. Results are expressed as the mean value of at
perature were 60 g/l, 1:3, 5% (w/v), and BD, respectively. least two independent measurements, AdG was used

Enhancement of productivity in homogeneous and hetero-as an inner standard for calibrations. For the measurement of
geneous reaction mixturegn homogeneous reaction mix- MGA/MGMA, C18 column (Bondapak, 250 mm4.6 mm,
ture, after one cycle of reaction, 60 g/l MG was added  Waters) was used with acetonitrile/methanol/water (50:45:5)
in reactor, and there was no addition of VA and VMA. as a mobile phase, and the same detector described above at

In addition, the heterogeneous reaction system in which a flow rate of 1 ml/min.

B-MG remained as a powder form in a solvent was also  FT-IR (Tensor 27, Bruker) analysis of MGA and MGMA
studied for higher productivity using 100 and 150 g/l of ex- was performed to observe the presence of specific groups
cess initial concentrations @G¢MG with the 1:3 molar ratio of ester. FT-IR spectra were obtained at 4¢mesolution

of B-MG to VA (or VMA). with 32 scans. The spectrometer was equipped with 6 mm
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DTGS detector. The solid samples used for the FT-IR studies Table 1
were compression-molded with KBr powders and the liquid Esterification of3-MG with VMA in various organic solvents

sample was spread over the KBr window. Solvent logP Conversion (%) of3-MG
13 i
~ “C NMR spectra were recorded on a Varian 300 MHz 1 4-Dioxane S0 1068
instrument with RO and CDC4 as the solvent. Acetonitrile _033 777
Acetone —0.23 0
2.5. Estimation of enzyme activity t-Butanol 0.80 37.9
t-Amyl alcohol 1.30 26.3

Enzyme activity was estimated by our method to fit to this
work, and the conditions were as follows: 50 g/l of initial
concentration of3-MG, 1:1 molar ratio of3-MG to VMA , . L
(or VA), 0.5 g of enzyme, 10 ml dfbutanol, and 50C. One of B-MG with VMA showed higher conversion in more hy-

unit was defined based on the produced gram sugar ester§IrOphObIC solvents, Wh'Ch have a higher Ryalue. A.I'
for 30 min. Results are expressed as the mean value of aﬁthough there was no linear depen.dence.(_)f conversion on
least three independent measurements. ogP values, the use of splvents thh posmve_ lPyalues
(0.80 and 1.30) resulted in two to five times higher conver-
sion than that of solvents with negative Byalues (1.10
and—0.33). Especially, no reaction was observed in acetone;
the conversion o-MG after 12h was 0%. These results
were good indication that the hydrophobic solvents rather
than hydrophilic ones were more favorable to the enzymatic
esterification of3-MG with VMA. Among five solvents,
t-butanol, a non-denaturing solvent for lipaggs], showed
the highest conversion after 12 h, and hence was found to be
the most efficient for the esterification pIMG with VMA.
The polarity of the organic solvents employed for the esteri-
' fication reaction is known to affect the enzyme actiyit?].
The value of lod?, a partition coefficient of solvents between
water and octanol, was known as not only the widely used
parameter to describe solvent polarity but also a good indi-
cator for enzymatic synthegj$3]. In general, solvents with
lower logP values results in unfavorable effect on the bio-
catalytic activity due to their hydrophilic characterigtiet].
The use of solvents with Idg value over 3.5 was successful
' for the esterification of primary terpene alcohol with vinyl
esterd15]. Even the addition of more hydrophobic solvents
to the original solvent to enhance the reactivity was reported
[16]. The present study also showed that the highest conver-
sion was observed &butanol with relatively higher value of
logP.

2.6. Cytotoxicity test

In vitro cytotoxicity tests were carried out by 3-(4,5-di-
methylthiazol-2-y)-2,5-diphenyltetrazolium bromide (MTT)
assay.

Cell culture Mouse fibroblast cell line NIH3T3 (ATCC,
Manassas, VA) was used for cytotoxicity test. The cells
were cultured in indicator-free Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma Chemical Co., St. Louis, MO)
supplemented with 10% fetal bovine serum (Gibco
Gaithersburg, MD), Fungizone (Gibco), penicillin/strepto-
mycin/neomycin (PSN) antibiotic mixture (Gibco), and
25 mM HEPES buffer (Sigma, St. Louis, MO) at 32 for
1 day under 5% C@atmosphere. After incubation, trypsin
(Gibco) was used to harvest the cells. Then NIH3T3 cells
were seeded in 96-well plates at a density of 10* cells
per well, and then incubated at 3Z for 1 day under 5%
CO, atmosphere. After incubation, the cells were recovered
and replaced on fresh plates containing MGA or MGMA
solutions prepared with 5 g/l of concentration. After 1 week
of incubation, cell viability was determined by MTT assay.

MTT assay This technique is a measure of the activ-
ity of cellular mitochondria and has been described as a
quantitative technique. A stock solution of MTT was made
with phosphate-buffered saline (PBS) at a concentration
of 5mg/ml. Sterile aliquots of this solution at a ratio of 3.2. Effect of enzyme content
20pl/200 ! of media were added to wells. The plates were
then incubated for 4 h at 3T. After removing the media, Although enzymes have regioselectivity to simplify reac-
100p! of DMSO was added to each well to lyse the cells tion steps, which makes biocatalytic processes more compet-
and dissolve the dye. The samples were then placed intoitive than chemical processes, determination of the amount
cuvettes, and absorbances were measured on a Hewlet®f enzyme is important for shorter reaction time as well as
Packard spectrophotometer at a wavelength of 570nm.  higher yieldsFig. 2shows the conversion profiles pIMG

at predetermined time intervals. The final conversion as well
as the initial rate was increased with the amount of enzyme.

3. Results and discussion The final conversions at each amount of enzyme, 1, 3, and
5% (w/v), after 48 h were 78, 92, and 98%, respectively. The
3.1. Effect of solvents amount of enzyme over 5% (w/v) was not used since the fi-

nal conversion at 5% (w/v) reached about 100%. Therefore,
The solvent in reactions is a key factor to determine the 5% (w/v) of enzyme was chosen as an optimal amount for
enzymatic activity.Table lindicates that the esterification the esterification of-MG with VMA.
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Fig. 2. Effect of enzyme concentrations on the esterificatiorB-0G
with VMA.

3.3. Effect of molar ratio

In order to achieve the highest product yield and the low-
est side reaction, the molar ratio of substrates should be de
termined. The amounts of Novozym 435 af@eMG were
held constant, whereas the quantity of VMA was varied to
show the effect of the amount of acyl donor on the reac-
tion rate. In the presence of excess amounts of VMA, the
highest conversion, 100%, @-MG was obtained at a 1:3
molar ratio of-MG to VMA (Fig. 3). At the molar ratio of
1:1, however, a slight increase in the conversiorgefG
was observed after 12 h. Moreover, the final conversion was
over two times lower than that of 1:2 and 1:3. Therefore,
the use of equimolar ratio was found to be unfavorable to
the esterification o3-MG. The use of excess amounts of
acyl donor was reported to enhance the product yield. The
study by Carlos et al17] found that 1:8 of molar ratio of
octyl-B-p-glucopyranoside to ethyl lactate led to the high-
est conversion (75%) of octy-n-glucopyranoside for the
synthesis of lactic acid derivatives. Moreover, Thierry et al.
[18] reported that the most advantageous molar ratio of sor-
bitol to methyl salicylate for the synthesis of water-soluble
salicylic acid derivatives was 1:10. However, we found that
B-MG was completely conversed to the MGMA with the
only 1:3 of molar ratio of3-MG to VMA. Moreover, the
conversion of over 95% could be obtained even with 1:2 mo-
lar ratio. Increased molar ratio may have promoted a shift of
the reaction equilibrium toward the ester formation. How-
ever, the higher the molar ratio, the higher the residual con-
centration of VMA, and it may lead to multiple steps for
ester purification.
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g. 3. Effect of molar ratios on the esterification MG with VMA.

3.4. Effect of reaction temperature

The reaction temperature has a great influence on the rate
of esterification. The elevated temperature is one of the most
common causes for the inactivation of enzymes, which re-
sults in the loss of the catalytically competent conformation.
The effect of temperature on sugar ester formation from
B-MG by Novozym 435 is shown iifrig. 4. The increase
in the conversion oB-MG within 10 h was observed when
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Fig. 4. Effect of reaction temperature on the esterificatiof8-diG with
VMA.
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reaction temperature was increased, and then reached 100% 100
after 24 h except at 45C. No significant decrease in enzy-

matic activity of Novozym 435 was observed in this range 90 1
of temperature, 45-6(C. The initial rates at 45, 50, 55, and
60°C were 343, 631, 672, and 62ol/l min, respectively.
The relatively low reaction rate at 4& was probably due

to the existence of acetaldehyde (§ZHHO) which was not
evaporated instantly at lower temperature. The esterification
of B-MG with VMA is the reaction that produces another
ester and vinyl alcohol as a by-product, and it can be repre-
sented as follows:

80 -

70 A

60 -

50 A

40 ]

/! / /
RCOOR + R’OH — RCOOR' + R'OH 1 1) 0] PR

—=— B-MG (40g/L)
20 1 —A— B-MG (50g/L)
—e— B-MG (60g/L)

where RCOOR R’OH, RCOOR, and ROH are VMA,
B-MG, B-MG ester, and vinyl alcohol (C}+CHOH), re-
spectively. During the reaction, the vinyl alcohol leaving 10 4
group tautomerized to acetaldehyde, and hence led to the ir-
reversible reactiofil5]. Although acetaldehyde is known to o7
deactivate many enzymg§g9], it did not seem to affect the 0 10 20 %0 40 %0
reaction because of the instant evaporation of acetaldehyde Time (h)

over 50°C. Althoth_a higher temperature W_as required f.or Fig. 5. Effect of initial concentration on the esterification@MG with
the instant evaporation of acetaldehyde during the reaction,yya.

the upper limit of temperature was fixed at€Dto avoid
denaturation of enzyme as well as to protect browning reac-
tion of B-MG. Under the same conversion, a lower reaction
temperature may not only lead to the easy operation of the
process but also protect the caramelizatiof-®fiG. There-
fore, all subsequent experiments were performed &C50
based on 100% conversion and relatively fast initial rate.

Conversion of S-methylglucoside (%)

3.6. Synthesis of MGA and MGMA at optimal conditions

The type of the acyl donors plays an important role in the
reaction kinetics when enzymes are used as biocatalyst. In
our study, two acyl donors, VA and VMA, were compared.
Fig. 6 shows the reaction profiles for the esterification of
B-MG with VA and VMA at optimal conditions; 60 g/l of

3.5. Effect of initial concentration g8-MG B-MG, 1:3 molar ratio of3-MG to VMA (or VA), 5% (w/v)
The initial concentration in reactions is one of the key fac- 100 - o P

tors to determine the reaction rate as well as product yields.

With the goal of increasing the reaction rate and yield in 90 4

n-hexane without adverse effects, Carlos and Crisiti
reported the effects of using large amounts of reactants. Ac-
cording to Krishna et al21], increase in substrate concen-
tration was found to dramatically decrease the esterification
for the synthesis of isoamyl acetate. We found that the homo-
geneous phase could be obtained with the reaction mixture
including B-MG up to 60 g/l. In addition, we could achieve
complete conversion g8-MG regardless of its concentra-
tion. Fig. 5shows that the order of initial conversions within
2his 40> 50 > 60 > 30g/l. However, 100% final con-
version was obtained at all initial concentrations after 36 h,
and no significant decrease in enzyme activity was observed. 20 1 —8— B-MG:VMA
In order to determine the initial concentration of substrates, —8— B-MG:VA
both the final conversion and the initial rate should be con- 101
sidered simultaneously. The initial rates at 30, 40, 50 and Y
60 g/l were 206, 618, 708 and 8g#nol/l min, respectively. 0 10 20 30 40 50
From the results of the highest initial rate and 100% conver-
sion after 24 h, 60 g/l of initial concentration ffMG was
found to be an optimal initial concentration in homogeneous Fig. 6. Comparison of esterification betwepfMG with VA and B-MG
phase of reactants. with VMA at optimal conditions.
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Second Reaction : Third Reaction

Second Reaction

Third Reaction
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Point / Point
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Time (h) Time (h)
Fig. 7. The addition effect oB-MG on the esterification with VA. Fig. 8. The addition effect of-MG on the esterification with VMA.

of Novozym 435, and 50C. The conversions @-MG with

both VA and VMA after 24 h reached 100%. However, much
faster initial rate was observed at the esterification between
B-MG and VA: 2368.mol/l min for esterification with VA
and 824.mol/Imin with VMA. This observation explained
well that optimal conditions, which were determined on the
basis of the esterification betwe@AMG and VMA, would

be efficient for the esterification betwe@AMG and VA as
well.

initial concentration of3-MG, which remained as a solid
phase early in the reaction. Although the initial rate of con-
version at 100 g/l of3-MG was higher than that at 150 g/l,
both 100 and 150 g/l oB-MG were completely converted
to MGA and MGMA after 36 hFig. 9), and the initial rates
at 100 and 150 g/l g8-MG were 1239 and 1728mol/I min
with VA, 644 and 837umol/l min with VMA, respectively.
Consequently, the excess amounfefG was found to be
applicable for the formation of larger amount of MGA and

3.7. Enhancement of productivity in homogeneous and
heterogeneous reaction mixture 100 5
90 1
Figs. 7 and 8how the addition effect o8-MG on the
esterification with VA and VMA, respectively, in homoge-
neous reaction mixture. In both cases, the additio-tG
after one cycle of reaction resulted in the further consump-
tion of reactant. A longer period of time was needed to reach
equilibrium in the second reaction, and the significant de-
crease in the conversion was observed in the third reaction.
The prolonged reaction time in the second reaction and lower
conversion rate in the third reaction might result from the
decrease in the molar ratio @MG to vinyl esters, since

80 A

70 A

60 1

50 -

40 A

Conversion of B-methylglucoside (%)

there was no addition of vinyl esters. Moreover, according % : igg g;'[ mﬂ xma

to the enzyme activity before (2.90U f@MG with VA, 20 ] —e— 100 g/L with VA

1.76 U for B-MG with VMA) the first reaction, and after —&— 150 g/L with VA

(2.72 U forB-MG with VA, 1.70 U for 3-MG with VMA) the 10

third reaction, no significant decrease in the enzyme activity

was observed. Therefore, the decrease in the molar ratio was o 1 s 2w s
found to be the main factor of the reaction behavior in the _

second and the third reaction. Additional experiments were Time (h)

performed t(_) test the production of _Iarger_ amount_s of MGA Fig. 9. Effect of excess initial concentration MG on the esterification
and MGMA in heterogeneous reaction mixture using excess with VA and VMA.
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Fig. 10. FT-IR spectra op-MG, MGA and MGMA.

MGMA even though it remained as solid phase in early pe-
riod of reaction, and 150 g/l was considered to be more ef-
ficient based on the initial rate and 100% final conversion.

3.8. Structural analysis

3.8.1. FT-IR

FT-IR spectra of3-MG, MGA and MGMA are shown
in Fig. 10 The successful incorporation of the acry-
late/methacrylate group intB-MG was demonstrated by
the presence of ester FT-IR band (1724¢nfor MGA,
1698 cnt! for MGMA). The presence of pendant vinyl
groups in MGA/MGMA was confirmed by the FT-IR bands
at 1637/1636 cm! (C=C) and 812/810 cm! (C=C—H). The

band for C-O stretching of secondary alcohols appeared at

1200-1300 cm?!, and O-H stretching gave a strong as well
as a broad band at 2800-3500¢mThese were due to the
presence of-MG moiety.

3.8.2. 3C NMR

Carbon 13 nuclear magnetic resonand€(NMR) spec-
trum of MGA and MGMA (ig. 11) was recorded using
a Varian 300 MHz spectrometet3C NMR/CDCk (8 in
ppm) for MGA: 59.90 (OCH, 1), 63.79 (C-7), 69.70 (C-6),
73.17 (C-4), 75.82 (C-5), 75.99 (C-3), 103.31 (C-2), 128.13
(-C=CHj, 9), 131.76 (~&CH,, 10), 166.34 (€O, 8).13C
NMR/CDCI;3 (8 in ppm) for MGMA: 18.31 (-CH}, 9), 56.96
(OCHg, 1), 64.37 (C-7), 70.58 (C-6), 73.37 (C-4), 73.75
(C-5), 76.32 (C-3), 103.40 (C-2), 126.46 (=CH,, 10),
135.96 (—-GCHg, 11), 167.81 (€0, 8).

21
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5 2

OH H >

H
HO4 3

H  OH
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11 109 8 7
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HO OH H H
4 3
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Fig. 11. Structures and carbon number of MGA and MGMA.
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Fig. 12. Viability of cells incubated with MGA and MGMA.
3.9. Cytotoxicity test

In order to verify the biocompatibility of produced sugar
esters, we introduced MTT assay to examine the cell viabil-
ity. Fig. 12shows the cell viability after 1 week of incubation
with MGA and MGMA. In both incubations, over 95% of
cells could survive under the sugar ester environment. Based
on this result, we found that produced sugar esters were
highly biocompatible. Their biocompatibility would be ex-
pected to play an important role when used as monomers of
polymeric materials for biomedical applications, especially
drug carriers and wound dressing agents.

4, Conclusion

The synthesis of sugar-containing vinyl esters was car-
ried out by the esterification @§-MG with VA and VMA
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catalyzed by Novozym 435. Solvents with a higherRoig- [8] X. Chen, B.D. Martin, T.K. Neubauer, R.F. Linhardt, J.S. Dordick,
sulted in better reaction rate, anthutanol was determined D.G. Rethwisch, Enzymatic and chemoenzymatic approaches to
as an optimal solvent for all subsequent experiments. Hun-  Synthesis of sugar-based polymer and hydrogel, Carbohyd. Polym.

. . . 28 (1995) 15-21.
dred percent conversion @f'MG could be obtained at 1:3 [9] N.S. Patil, J.S. Dordick, D.G. Rethwisch, Macroporous poly(sugar

molar ratio, 5% (w/v) Novozym 435, 60 g/l ¢§-MG, and acrylate) hydrogel for controlled release of macromolecules,
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