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Prepolymer Synthesis of Polyester by Using Lipase as a Catalyst
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Abstract

For block and graft-copolymer synthesis, two requirements of prepolymers or oligomers are a narrow
distribution and a specific molecular weight. These can be easily obtained from bio-catalyst synthesis. Lipase,
a biocatalyst, in a low-water content environment, can catalyze both esterification and transesterification
reactions. Using Cadida rugosa lipase, solution polymerization gave only di-mer and tri-mer products with
a narrow distribution. Immobilization of a sol-gel process to enhance the activity of lipase gave minor
products with a higher molecular weight. The major products were still di-mer and tri-mer. Microemulsion
polymerization, on the other hand, gave a much better performance in synthesizing prepolymers since the

molecular weight obtained was in the range of 2000 with a narrow distribution product.
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Introduction

Lipase, a biocatalyst, is a water-soluble and
hydrolytic enzyme, which naturally catalyzes the
cleavage of an ester bond in ester-hydrolysis
reactions, esterification reactions and
transesterificaiton reactions, giving high chemo-,
regio-and sterio-selective products with mild
synthesis of conditions (de Gomez-puyou, et al.
1998; and Chaudhary, et al. 1998). They are triacyl
glycerol and acyl hydrolase, in which the catalytic
triases are Asp-His-Ser and are chemically
analogous to, but structurally different from that in
the serine protease. An active serine is buried under
a short helical fragment of a long surface loop (lid)
that causes it to be inaccessible to the solvent.
Lipase attacks triacyl glycerols and acts at the oil-
water interface which probably involves
reorientation of the lid. This conformational change
includes a large displacement of a lid and stabilizes

the interaction with the substrate.

By reducing the amount of water in the
system, lipase is also able to catalyze esterification
and transesterification (de Gomez-puyou, et al.
1998; and Chaudhary, et al. 1998). Due to the
advantages in operating under mild conditions,
which are no toxic solvent generation and
environmental friendliness, they are accepted and
widely used in many industries. Many techniques
were developed for lipase catalysis, such as

suspending the enzyme in organic media or

encapsulating the enzyme in microemulsion (de
Gomez-puyou, ef al. 1998; and Chaudhary, et al.
1998). The enzyme for suspending the system can
be both a free and immobilized enzyme.
Suspending free enzymes in organic media was
mostly used for transesterification synthesis, which
gave a highly enantioselective product and low
polydispersity (Wang, et al. 1995; Wang, et al.
1996; Wu, et al. 1996; and Jaaskelainen, et al
1997). However, high amounts of enzyme are
required due to an aggregation problem. The other
type of enzyme used for the suspending system is
immobilized lipase, which can be made by
adsorption on (Mojovic, ef al. 1998; Coulon, et al.
1998; Goncalves, et al. 1998; Cao, et al. 1999; and
Martin, et al. 1999), attachment on (Chen and Chen,
1998), or entrapment into (Reetz, et al. 1996;
Karlsson, et al. 1998; Del-Val, et al. 1998;
Hedstrom, et al. 1998; Nagayama, et al. 1998; and
Stamatis, et al. 1999) the support. The activity of
the enzyme is improved and the enantioselectivity
can be altered. The other advantages are that it is
easy to separate and reuse (Mojovic, et al. 1998;
Coulon, et al. 1998; Goncalves, et al. 1998; Cao,
et al. 1999; Martin, et al. 1999; Chen, et al. 1998;
Reetz, et al. 1996; Karlsson, et al. 1998; Del-Val,
et al. 1998; Hedstrom, ef al. 1998; Nagayama, et al.
1998; and Stamatis, et al. 1999). However,
adsorption on or attachment on or entrapment into

a solid support bonds weakly to the enzyme
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resulting in a low reusable number, of enzymes
while covalent bonding techniques require several
processes. Immobilized lipase by a sol-gel process
was brought out to overcome those problems. Alkyl
substituted silane precursors were used to form
modified hydrophobic silica matrices (Reetz, et al.
1996). Encapsulated lipase made by this method is a
suitable way for making a wide variety of lipases
and it gives immobilized lipases with esterification
activities an enhancement by a factor of up to 88,
compared to the commercial enzyme powder under

identical conditions.

Due to the thermodynamically stable,
isotropic solution containing water, substrates and
a surfactant, lipase is appropriate in microemulsion,
since it needs a hydrophobic surface to become
active and the interfacial area in a microemulsion is
large (de Gomez-puyou, et al. 1998; Lindman, et al.
1981; HedstrOm, et al. 1992; HedstrOm, et al. 1993;
Stamatis, et al. 1993; Stamatis, et al. 1992;
Langrand, et al. 1988; Osterverg, et al. 1988; and
Bello, et al. 1987).

Suspended enzyme and microemulsion
techniques were successfully used for synthesizing
both esters and polyesters, starting from a high
molecular weight of diacid-derivatives and
dialcohols (normally for a trans-esterification
reaction). In this work, both techniques were
applied and comparatively studied for pre-polyester

synthesis from diacids and di-alcohols or tri-

alcohols in several organic solvents to obtain an

appropriate technique for pre-polyester synthesis.

Materials and Experimental

Materials

Lipase from Candida rugosa (L-1754, 746
units/mg, free of Ol-amylase and protease) was
purchased from Sigma. Succinic acid and ethylene
glycol (EG) were purchased from AJAX Chemicals.
Adipic acid and 1,4-bis (2-ethyl hexyl) sulpho-
succinate sodium salt (AOT) were obtained from
Fulka. Sebacic acid, tetraethyl orthosilicate (TEOS)
and polyvinyl alcohol (98% hydrolyzed, MW
13,000-23,000) were obtained from Aldrich.
Glycerol was from Farmitalia Caro Erba.
(Y-Methacryloxy propyl) trimethoxysilane was
donated from Asia Gung Num Company. All

chemicals were used without purification.

Lipase Immobilization

NaF (100LLl, 1 M), polyvinyl alcohol
(200LL1, 4%wt in water) and water (164LLl) were
mixed with lipase solution (400“1, Smg/ml in
phosphate buffer, S0mM, pH 7), followed by
adding silane (6 mmol, or equal to total water/silane
ratio, [R], = 8). The solution mixture was mixed
using a vortex mixer for 5 sec followed by shaking
by hand for 1 min, resulting in a formation of
gelatin. The solution mixture was cooled in an

ice-bath for 10 min and then dried. Two methods of
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drying were applied, at 37°C in an incubator for
5 days and vacuum drying for overnight. The white

gel was crushed into powder form.

Pre-Polyester Synthesis in Organic Media Using

Free or Immobilized Lipase as Catalyst

Succinic acid (1.5 mmol, or other diacids)
and EG (1.5 mmol, or glycerol) were mixed in 2.25
ml dimethyl sulfoxide (DMSO). Immobilized lipase
(125 mg, or free lipase) was added. The solution
mixture was stirred at 100 rpm, 37°C for 5 days

under vacuum (110 mmHg).
Pre-Polyester Synthesis in Micro-emulsion

Succinic acid (2 mmol, or other diacids)
and AOT (12 mmol) were dissolved in 20ml iso-
octane followed by adding lipase solution (5.4ml =
water/AOT ratio of 10, 3mg/ml in phosphate buffer
solution; pH 7). The solution mixture was added to
iso-octane to a ~50ml reaction volume. After
mixing, EG (8 mmol, or glycerol) was added to start
the reaction and incubated at 37°C for a specific
time (5 — 7 days). Methanol and acetonitrile in the

ratio of 1:2 were used to precipitate the product.

Analytical Method

Molecular Weight Measurement

The weight average molecular weight
(Mw) of the obtained polymers was determined by
gel permeation chromatography (GPC) using THF

as a mobile phase, UV (Water 486 at 254 nm)

and RI (Water 410) detectors. GPC analysis was
carried out on a Waters 700. Three serially
connected styragel columns (Water HRO.5, HR4E
and HRSE, having molecular weights in the range
of 0—4x 10° g.mol'l) were used. Polystyrenes with
known average molar mass from 418 g.mol'] to

4x 10° g.mol” were used as standard.

Hydrolysis Activity Measurement

Gum arabic (20 ml, 10% in water) and
olive oil (6.5 ml) were homogenized by stirring for
30 min. Buffer (20 ml, 0.1 M sodium phosphate,
pH 9) was mixed with substrate emulsion (25 ml)
and then the pH of the solution mixture was
adjusted to 8.0 by adding 0.1 M sodium hydroxide.
The solution mixture was mildly stirred for 30 min.
Buffer substrate emulsion (1.9 ml) was incubated at
37°C for 30 min. Immobilized lipase (10 mg) was
incubated with 0.1 ml water for 5 min followed by
adding the mixture into the buffer substrate
emulsion. The mixture was then shaken for 30 min.
The reaction was quenched by adding 200}l
methanol and then titated with 0.01M potassium
hydroxide in water, using phenolphthalein as an

indicator.

Results and Discussion

Lipase Immobilization

In this work a sol-gel process was selected

for entrapping lipase due to its hydrophobic silica

matrices providing hydrophobic and hydrophilic
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boundaries, which are suitable for lipase in
the active form. Two types of silanes were selected
to study in this work, (Y-methacryloxy propyl)
triethoxy silane (Y-silane) and tetracthoxy silane
(TEOS). The hydrolysis activity of immobilized
lipase at various conditions is summarized in
Table 1. The results showed that a mixture of
(Y-methacryloxy propyl) triethoxy silane and TEOS
gave the highest hydrolysis activity and the lowest
loss of activity after entrapping in hydrophobic

silica matrices. This is due to a strong hydrogen

bonding of lipase with the acryl group of Y-silane
that arranged lipase in the active form. Moreover,
the morphology of immobilized lipase obtained
from the mixture of Y-silane and TEOS was very
fine spherical particles Figure 1, providing a high
contact surface area with media solution while
TEOS provided denser material causing a lower
surface area and entrapping most of the lipase inside
the silica network. These might lave on effect on
the dramatic lowering of the hydrolysis activity

especially for vacuum drying of TEOS.

Table 1 Hydrolysis activity of Candida rugosa lipase in sol-gel matrices derived from various silanes

Hydrolysis Activity Relative
Condition P

(ltmol.mg protein . h ) Activity
TEOS/vacuum drying 97 0.13
TEOS/dried at 37°C 313 0.43
(Y-methacryloxy propyl) triethoxy silane/ 442 0.61
dried at 37°C
(Y-methacryloxy propyl) triethoxy silane : 547 0.75
TEOS = 5:1/dried at 37°C

Note : Hydrolysis activity of Candida rugosa = 729 ([imol. mg protein . h")
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Pre-polyester synthesis from various free
diacids and ethylene glycol using free lipase as a
catalyst in various types of organic solvents, is
presented in Table 2. Most products have equal

molecular weight, except for isooctane due to its

very low polarity which helped to separate the water
by product from the system, while the other
solvents are capable of adsorbing water, hence

inducing the agglomeration of the free lipase.

Table 2 Effect of organic solvents on pre-polyester synthesis by solution polymerization using free lipase

as a catalyst

Poly(ethylene
Poly(ethylene sevacate) | Poly(ethylene adipate)
Solvent succinate)

Mw PD Mw PD Mw PD
Dimethyl sulfoxide 360 1.096 349 1.150 320 1.011
Cyclohexanone 338 1.135 303 1.155 313 1.074

Dipheny] ether 344 1.026 - - - ;

Isooctane 574 1.341 - - - -

By using immobilized lipases as catalysts,
as seen in Table 3, the results showed low
molecular weight components as major products,
which were similar to those, obtained from using
free lipase as a catalyst. However, using the
immobilized lipases obtained from 7-silane and
a mixture of Y-silane and TEOS gave higher
molecular weight pre-polymers as minor products
(3 — 4%). As discussed previously, this might come
from the strong bonding between lipase and the
acryl group of Y-silane confirming the lipase in the

active form. However, a mixture of Y-silane and

TEOS gave a higher molecular weight product than

Y-silane alone due to the lesser packing of the
supporter network in which organic portions of

Y-silane inhibited the formation of a silica network.

Using a free or immobilized lipase mostly
provided that the molecular weight was in the same
range, which were ABA and BAB product
structures. Also different polarity organic solvents
were employed to improve the capability of the
lipase. Only low molecular weight products were
obtained due to the water adsorbed in the media
and the agglomeration of free lipase or the

de-structuring of immobilized lipase.
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Table 3 Effect of immobilized lipases obtained from different silane precursors on pre-polyester synthesis

by solution polymerization in dimethyl sulfoxide

Silane Precursor Poly(ethylene sebacate) Products’ Fraction
Mw PD
Y-silane/dried at 37°C 334 1.091 0.9393
2,124 1.247 0.0407
Y-silane+TEOS/dried at 37°C 359 1.090 0.9669
3,361 1.294 0.0331
TEOS/dried at 37°C 382 1.091 1
TEOS/vacuum dried 374 1.094 1
Pre-Polyester Synthesis in Microemulsion the maximum load of ethylene glycol was ~17

(Microemulsion Polymerization)

The reaction investigated in this section is
the esterification of ethylene glycol and succinic
acid in isooctane-based reverse micelle media
formed by the surfactant AOT. In this study, the
water-AOT molar ratio was fixed at 10, according
to many works indicating that the lipase worked
well and has the highest activity at this ratio (Wolf,
et al. 1981; Papadimitriou, et al. 1993; and Pileni,
et al. 1985). Figure 2 showed the phase boundaries
of succinic acid-ethylene glycol-AOT’s reverse
micelle phase in terms of molar fraction. From this

figure, microemulsion can be initially formed at a

succinic acid-AOT molar ratio of 1:5 and

times that of succinic acid. Hence this study was
carried out at the succinic acid-AOT molar ratio of
1:6 and the maximum load of ethylene glycol was

~22 times that of the succinic acid.

Haber, et al. (1993) studied polyester
synthesis in a microemulsion and found that the
reaction was very complicated. Normally, the
enzyme is in the water pool while the alcohol is in
the palisade layer. In this study, diacids do not
dissolve in isooctane, therefore, they always stay in
the water pool. Due to a very small size of
microemulsion, the rate of the reaction depended on

the collision rate of the reverse micelles (or the

exchange rate of the micelle contents between
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substrates and enzyme filled micelles) (Haber, et al.
1993) and/or the reaction rate of the enzyme
(Bru, et al. 1995). In other words, the lipase firstly
attached to the carbonyl group of the diacids to
produce an ester and form the enzyme-substrate
complexes (Holmberg, 1997; Brzozowski, et al.

1991; Brady, et al. 1990; and Winkler, et al. 1990).

The hydroxyl group of the alcohol then reacted with
the carbonyl group to form the ester bond,
consequently loosening out the enzyme. Thus, the
first effect studied was the shaking time after
adding lipase into reverse micelles (before adding

ethylene glycol), as illustrated in Figure 3.

AOT H,0 was fixed at Wo =10

Microemulsion

Ethylene Glycol 0.0 .1

0.0
3 4 Succinic Acid

Figure 2 Phase Boundaries for succinic acid-ethylene glycol-AOT’s reverse micelle phase at the fix ratio of

water-AOT (W) at 10 and 24°C
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Column type : HR0.5&HR4E&HRSE, Working Range of MW =0 - 4 x 10°

(7361)

(38111)
(106224)

T T T T T L

14 15 16 17

Minutes
Figure 3 GPC chromatograms of poly(ethylene succinate) synthesis at different shaking times after adding

lipase at [succinic acid]:[EG] = 1:12, 25°C and 14 days reaction time

From this GPC chromatogram, it was found
that the shaking time after adding lipase into a
reverse micelle has a high impact on increasing the
molecular weight. In general, the thermal and
storage stabilities of the enzymes in organic solvent
are higher than those of the enzymes in water
(Erdogan, et al. 1995; Zaks, et al. 1984; and
Klibanov, 1989). However, in our case of a
microemulsion system, the lipase was dissolved in
and stayed inside the water pool. The storage
stability of the enzyme inside the micelle would
behave like that of an enzyme in water. As a result,

the longer the shaking time, the easier the lipase

was denatured, as shown in Figure 3. Although
shaking for a short time could increase the
exchange rate of micelle contents, the major product

obtained was ~2000.

For a different lipase concentration, the
results are shown in Figure 4. The major product
obtained was ~2300, but the product-AOT ratios,
which correlate to the production yield at constant
AOT, were different. The optimum peak was found
at 5 mg/ml of lipase concentration and after this
point the product-AOT ratio was reduced possibly

due to the aggregation of the lipase.
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Figure 4 Poly(ethylene succinate)-AOT area ratio at different lipase concentrations at [succinic aicd]:

[EG] = 1:12, 10 mins shaking time after adding lipase, 155 rpm shaking speed, 40°C and 7 days reaction time

After adding ethylene glycol, which
induced strong attractive interactions and enhanced
the micelle solubilization of water (Gupta, 1992),
ethylene glycol stabilizes and prevents the micelles
from exchanging their contents during a collision.
However, it might change the polarity of the water
pool and increase the stability of the lipase, as
illustrated in Figure 5. The shaking time could go
up to 40 mins after adding the glycerol, and more
productivity can be produced at longer time. At a
shaking time of 30 min with various shaking

speeds, a high production was produced at 145 rpm,

as shown in Figure 6.

Under all conditions, the major product has
a molecular weight of ~2300. Since the system has
water, which normally needs to be added to activate
the lipase, it influences the reaction in terms of
shifting the equilibrium of the reaction backwards.

Moreover, succinic acid is more suited to dissolving

in water. Water molecules might stay around the
succinic acid molecules, thus inhibiting the
formation of on enzyme-substrate complex
(succinic acid) (Brzozowski, et al. 1991; and
Del-Val, et al 1998). Additionally, the
hydrophilicity of succinic acid might strip the
essential water molecules from the enzyme, causing

a reduction in the lipase activity and changing the

enzyme conformation.

Based on the above assumption, various
types of diacids were studied at an [acid]:[EG] ratio
of 1:12, a 10 min shaking time after adding lipase
into reversed micelle at 155 rpm shaking speed,
30 min shaking time after adding dialcohols at
145 rpm shaking speed and 37°C. The reaction
mixture was kept for 4 days. The results are shown

in Table 4.



49

Prepolymer Synthesis of Polyester by Using Lipase as a Catalyst

- /N
1 / O\
\

0.8
0.6

P .

0.4

0.2

O T T T T T

20 30 40 50 60 70 80

Shaking Time (mins)

Product-AOT Ratio

Figure 5 Poly(ethylene succinate)-AOT area ratio at different shaking times (by fixing shaking speed at
125 rpm) after adding the ethylene glycol at [succinic acid]:[EG] = 1:12, 10 mins shaking time

after adding lipase, 155 rpm shaking speed, 25°C and 2 days reaction time.

Column type : HRO.5&HR4E&HRSE, Working Range of MW =0 - 4 x10°

il

ﬂf '\/145 rpm
| A
/ )

13 135 14 145 15 155 16 165

Minutes

Figure 6 GPC chromatograms of poly(ethylene succinate) synthesis at different shaking speeds (by fixing
shaking time at 40 mins) after adding the ethylene glycol at [succinic acid]:[EG] = 1:12, 10 mins

shaking time after adding lipase, 155 rpm shaking speed, 25°C and 2 days reaction time.
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Table 4 Effect of diacids and dialcohols on pre-polyester synthesis by microemulsion polymerization at a

[di-acid]:[poly-alcohol] ratio of 1:12, 10 mins shaking time after adding lipase at 155 rpm shaking

speed, 30 mins shaking time after adding poly-alcohol at 145 rpm and 37°C using isooctane as a

solvent

Product MW “n” PD
Poly(ethylene succinate) 2343 16.27 1.11
Poly(ethylene adipate) 2284 13.28 1.08
Poly(ethylene sebacate) 2377 10.43 1.10
Poly(glycerol succinate) 2743 15.76 1.11

1194 6.86 1.04

Again, observed results showed no change
in molecular weight of the synthesized product.
Generally, diacid dissolved well in a polar solvent.
Increasing the hydrophobicity contributed less to
the solubility effect inside the micelle and
encourages it to stay at the micelle boundary
(palisade layer), which was the more favorable
condition for the lipase to react with. However, in
this work, we found that the polarity of the diacid
had a lesser effect on increasing the molecular
weight. Changing the polarity of the alcohol also
showed less significance in increasing the
molecular weight, as illustrated in Table 4. There
was probably, not enough hydrophobicity in the
starting materials used. The other possibility might

come from the effect of microemulsion size. If the

synthesized product stayed inside and/or at palisade
layer only, the size of micelle limited the molecular

weight of the product.

Conclusions

For entrapment by the sol-gel process using
Candida rugosa lipase as a catalyst, the mixture of
(Y-methacryloxy propyo) triethoxy silane and
tetraethoxy silane (TEOS) gave the highest result
in hydrolysis activity, with a 25% reduction in
immobilized lipase activity. Pre-polyester synthesis
by solution polymerization using both a free and
immobilized lipase provided only di-mer and
tri-mer products (Mw~350), while microemulsion
polymerization gave a higher molecular weight

(Mw~2300). Both techniques provided narrow
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distribution products. Since all studied effects had a
lesser effect on increasing the molecular weight, the
most dominant factors controlling the molecular
weight of the microemulsion polymerization might
be the microemulsion size. However, for synthesis
of a pre-polyester, it was found that microemulsion
polymerization was the most suitable method. This
method provided an exact molecular weight and a

very narrow molecular weight distribution.
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