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Abstract

Because of the broad versatility of lipases as biocatalysts, interest has for some years been focused on the improvement of the economy of
processes using these enzymes, especially by appropriate immobilisation. In this study, a method was developed to emulsify aqueous solutions
of lipase A ofCandida antarctica (CALA) and lipase ofThermomyces lanuginosa (TLL) in silicone elastomers yielding elastic beads. The
persistent water-organic interface created by this static emulsion enabled an improved performance of the immobilised lipases due to the well
known fact that from a kinetic point of view these enzymes show a higher efficiency in biphasic than in monophasic systems. The entrapped
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ipases catalysed the esterification of octanol and caprylic acid in hexane with an activity that, related to the free enzyme, was enh
1-fold for CALA and 250-fold for TLL. Comparison to the activity of the same enzymes in sol–gels revealed that for CALA immobi

n static emulsion was the only method yielding active biocatalysts, whereas activation of TLL was in the same range in static em
ol–gels. However, apparent activity of TLL in static emulsion was considerably higher than in sol–gels due to the feasible hig
oading. The results indicate that immobilising lipases as static emulsion is a technique suitable for biotechnological application.

transfer to enzymes of other classes seems possible.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lipases are efficient catalysts which enable a number of
sterifications, transesterifications and hydrolysis reactions
ith high chemo-, regio- and enantioselectivity, accepting
broad range of even synthetic substrates with vast indus-

rial importance. They are therefore the most frequently used
iocatalysts in the production of (chiral) fine- as well as bulk-
hemicals.

Transformations with lipases can be performed in
onophasic, either aqueous or organic media[1], or in a

ombination of both, i.e. biphasic systems[2]. In order to
mprove process economy, investigations have for some years
een focused on the development of technologies for the con-

∗ Corresponding author. Tel.: +49 241 8026620; fax: +49 241 8022387.
E-mail address: m.ansorge@biotec.rwth-aachen.de

M.B. Ansorge-Schumacher).

tinuous or repetitive use and easy recovery of lipases. In
context, immobilisation was performed by various meth
most often by physical adsorption on or covalent bindin
solid supports[3,4], and by entrapment in organic or in
ganic polymers[5–10].

The diverse methods of immobilisation show general
ferences in their effects on biocatalysts: Adsorption usu
has a low impact on activity, but resulting immobilisa
suffer from poor operational stability due to the weak b
ing forces and subsequent easy release of enzyme[5]. Vice
versa, covalent binding can improve operational stability
often decreases activity[5]. Entrapment is frequently com
bined with limitations in mass-transfer, but can neverthe
be superior to binding when working in organic solvents
the formation of stable aqueous compartments protect
entrapped biocatalysts from detrimental effects of the
vent phase[10,11]. Moreover, supply of a favourable micr
environment for the biocatalyst is possible due to the h
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diversity of available inorganic or organic entrapment matri-
ces[7,8]. Many inorganic materials e.g. offer the possibility
to control balance of hydrophobicity/hydrophilicity[9], aver-
age pore size or pore size distribution[12].

Regarding lipases, entrapment in alkyl-substituted organic
silane precursors has so far led to the most active immo-
bilisates. The obtained sol–gels even show a significantly
higher activity than free dispersed enzyme[5,12,13]. On
the background that lipases are activated by hydrophobic-
hydrophilic interfaces[14] this is not surprising as they
probably interact with hydrophobic matrices in a similar man-
ner. Additional to direct activation, the hydrophobic sol–gels
facilitate mass-transfer of hydrophobic substrates and prod-
ucts in the immobilisates[5]. Consequently, development
in lipase immobilisation has concentrated on entrapment in
optimised sol–gels. Sol–gels, however, are limited in their
industrial application due to their high brittleness and small
size. They are most often produced and applied as pow-
ders, though bead or cube shape can also be achieved, if an
appropriate support is used during sol–gel formation[15,16].
Special requirements for technical use of immobilisates in
bioreactors, however, include distinct diameters and confined
compressibility in packed-beds, or elasticity and separation
in stirred tanks. As matrices with hydrophobicity similar to
sol–gels, but superior mechanical properties silicones have
recently been investigated[17–20]. However, up to date only
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and Syl-Off®4000 were received from DowCorning (Manch-
ester, UK). Iso-butyltrimethoxysilane (i-BTMS) was pur-
chased from ABCR (Karlsruhe, Germany). Polyvinyl alcohol
(PVA; MW 10-98), octyl octanoate, caprylic acid, octanol,
hexane, and other chemicals, all in reagent grade, were
obtained from Fluka (Taufkirchen, Germany).

2.2. Esterification

Lipase activity was determined for the esterification of
50 mM caprylic acid and 50 mM n-octanol in n-hexane.
20 mM of n-decane were present as internal standard for GC
analysis. In order to evaluate the dependence of the reac-
tion on water, up to 120% (v/v) of potassium phosphate
buffer (0.1 M; pH 7.0) were added to 3 mL of substrate solu-
tion containing free enzyme (20�L of CALA and 20 mg of
TLL). For esterification with immobilised lipases, 200 mg
of silicone spheres were suspended in 3 mL (CALA) or
6 mL (TLL) of substrate solution, and 100 mg (CALA) or
20 mg (TLL) of sol–gels were suspended in 3 mL of sub-
strate solution. The reaction vessels were incubated under
vigorous shaking at room temperature. After separation from
the biocatalysts, samples of 50�L were withdrawn from the
organic phase and analysed with GC/FID (60◦C for 1 min,
heating with 25◦C/min up to 200◦C, kept for 4 min; carrier
gas N2 1 mL/min; column: FFAP-CW, 25 m, ID 0.25 mm,
d any;
r nol;
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ew lipases were successfully immobilised in this kind
aterial, and compared to sol–gels lipase activation was
oderate[17–22].
In this study, we present a novel technique for the im

ilisation of lipases which creates a stable emulsion of lip
ontaining aqueous solution in bead-shaped silicone
omers. Thus, a persistent water/organic interface is cr
hich improves performance of the immobilised enzy
ue to the well-known fact that lipases show a higher
iency in biphasic than in monophasic systems[2,23,24].
he method was evaluated in comparison to immobi

ion in sol–gels, investigating the esterification of octa
nd caprylic acid in hexane as a model for industrially m

mportant esterifications. As representative catalysts lipa
f Candida antarctica and lipase ofThermomyces lanuginosa
ere investigated.

. Material and methods

.1. Material

Liquid preparation of lipase A fromCandida antarctica
CALA; Novozym 735, protein content 1.8% (w/w); lipolyt
ctivity against tributyrin 372 kU/g) was a generous gift fr
ovoNordisk (Kopenhagen, Denmark). Lyophilised lipas
hermomyces lanuginosa (TLL; Chirazyme L-8, protein con

ent 35.3% (w/w); lipolytic activity 3180 kU/g) was obtain
rom Roche Diagnostics (Mannheim, Germany). B
nzymes were used without further purification. Sylgard®184
f 0.25�m; CS-Chromatographie, Langerwehe, Germ
etention times: 1.34 min for n-decane; 4.00 min for octa
.96 min for octyl octanoate; 6.21 min for caprylic ac
ctivity of all enzyme preparations was determined from

ial rates of esterification under exactly identical conditio

.3. Immobilisation of lipase in sol–gel

For entrapment of lipases in sol–gel 400�L of a lipase-
ontaining solution (protein concentration: 4.4–17.8 mg
f CALA and 2.7–7.5 mg/mL of TLL in 0.1 M potassiu
hosphate buffer, pH 7.0) were mixed with 50�L of an aque
us solution of sodium fluoride (1 M), 100�L of a solution
f 4% (w/v) polyvinyl alcohol (PVA, 15.000 Da) in wate
00�L isopropyl alcohol, 480�L iso-butyltrimethoxysilane
40�L propyltrimethoxysilane (PTMS) and 148�L tetram-
thoxysilane (TMOS). Subsequent treatment was carrie
s described by Reetz et al.[5].

.4. Immobilisation of lipase in silicone spheres

Silicone rubbers were formed by homogenising a mix
f 4 g of Sylgard®184 component A (�,�-divinyl terminated
olydimethylsiloxan), 0.4 g of component B (copolyme
ethylhydrosiloxane and dimethylsiloxane), 44 mg of S
ff®4000 (bis(1,3-divinyl-1,1,3,3-tetradisiloxane)platin(
nd 2 mL of chloroform. In this mixture 1 mL
.1 M potassium phosphate buffer, pH 7.0, contai
.4–17.8 mgProtein/mL of CALA or 22.1–88.3 mgProtein/mL
f TLL was emulsified. The emulsion was mixed on
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overhead-shaker for 20–30 min and subsequently dispersed
in 150 mL of a temperated (45◦C) and stirred solution of 4%
(w/w) polyvinyl alcohol (PVA; MW 10-98) in water for 2–3 h.
The silicone spheres were separated from the PVA solution
by filtration and washed with 250 mL of deionised water. For
further use they were stored at room temperature in hexane.

2.5. Characterisation of silicone immobilisates

2.5.1. Entrapment efficiency
The yield of silicone spheres was determined as the ratio of

total amount of used material (neglecting the volatile chloro-
form) and total mass of obtained spheres. Enzyme release
during vulcanisation was quantified by measuring protein
content[25] and lipolytic activity in the PVA-hardening bath.
Lipolytic activity was measured at room temperature in an
emulsion of 50 mM tributyrin in 1 mM Tris–HCl buffer (pH
7.5; 0.1 M CaCl2; 0.1 M NaCl) by titrating 50 mM NaOH to
a constant pH after addition of the lipase-containing sam-
ple. The amount of enzyme inside the silicone spheres was
calculated from the difference between initial amount of
enzyme and enzyme released during bead formation. The
amount of entrapped water was determined as the differ-
ence in weight after drying a defined quantity of silicone
spheres in a weighed beaker at 60◦C for approximately one
week. The stability of immobilisates in repetitive use was
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(0.3 mm in diameter) in a closed vessel containing 15 mL of
hexane for one week. After this, the surface of the spheres was
optically inspected. Additionally, the beads were weighed to
determine loss of material.

3. Results and discussion

3.1. Generation and properties of a static emulsion

Silicone elastomers incorporating a persistent emulsion
of water were generated by vulcanising a mixture of silox-
ane prepolymers in which water was previously emulsified.
Prerequirement for maintaining this emulsion in the final
elastomer was continuous shaking until an increase in vis-
cosity indicated that vulcanisation was proceeding. Vulcan-
isation was affected at a water content above 25% (w/w) in
the mixture of siloxane prepolymers, all silicone elastomers
investigated in this study were therefore formed at a water
content of 22.5% (w/w). Spherical shape of the silicone elas-
tomers (Fig. 1) was achieved when the emulsion of water in
siloxane prepolymers was dropped in an aqueous solution
of PVA as described by Hilgers[26] after vulcanisation had
proceeded to a notable degree (after 10 to 30 min). The aver-
age diameter of the resulting beads depended on the stirring
i this
s e, but
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i rs,
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emonstrated by incubating 200 mg of immobilisates in 3
CALA) or 6 mL (TLL) of substrate solution (composition
tated above) in four reaction cycles. Between separate c
he immobilisates were washed with hexane until no rem
ng substrate or product was detectable in the solvent.

.5.2. Swelling in hexane
Swelling of silicone spheres with a diameter of more t

mm was quantified by evaluating a two-dimensional dig
icture with the ImageTool® software (Version 3.0, availab

ree of charge from the University of Texas Health Scie
enter in San Antonio, Texas, USA) before and after incu

ng in hexane for 60 min. To generate a contrast for this op
nalysis, the spheres were transferred into a petri dish
ith a solution of 0.1% (w/v) methylene blue in water. T
etri dish was placed on a translucent plexi-glass plate a
light source. The swelling of silicone spheres with a di
ter of less than 1 mm was determined by placing a de
mount of spheres in a measuring flask and measurin

otal volume before and after swelling in hexane. During
easurement the space between the beads in the mea

ask was minimised by compression with a stamp.

.5.3. Compressibility and abrasion
For characterisation of mechanical properties a single

one sphere with a diameter of 2–4 mm was placed
alance and slowly compressed by a pressure plate. The
cting on the plate and its displacement were recorded. R

ance against abrasion was evaluated by shaking 300
ilicone spheres (diameter 2–4 mm) with 8 g of glass-b
g

ntensity of the PVA solution. With the setup used in
tudy a maximum bead diameter of 4 mm was accessibl
or experiments mostly beads in a size range of 0.5 m
mm at an average size distribution of approximately±40%
ere employed.
The total yield of silicone beads ranged between 90

5% of the initially applied material, the loss being ascri
o the viscosity of the prevulcanised silicone mixture wh
aused strong adhesion to the reaction vessel. Of the
nitially emulsified in the mixture of siloxane prepolyme

ig. 1. Silicone spheres with lipase-containing static emulsion. Bead d
er was up to 4 mm, depending on the stirring intensity of the PVA-harde
ath during preparation.
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Fig. 2. Microscopic cross section of a cured silicone elastomer with an
entrapped emulsified aqueous phase (dyed with 0.1% (w/v) methylene blue
for demonstration). Diameter of the aqueous droplets ranged between 5 and
60�m.

83.7± 0.3% were entrapped in the elastomer. This was deter-
mined from the maximum loss of weight which occurred
at incubation of silicone spheres at 60◦C to constancy of
weight. The loss of water could be explained by coalescence
with the PVA solution during hardening of the elastomer.
On the other hand, the chosen experimental conditions might
not have enabled complete evaporation of entrapped water,
whereby the detected water content would have been lower
than the actual one. This assumption is supported by the find-
ing that entrapment of dissolved protein in the static emulsion
ranged between 89 and 96% of applied protein and thus was
highly efficient. The size of the emulsified aqueous droplets
in silicone was estimated to range between 5 and 60�m in
diameter (Fig. 2). It was not possible to further reduce this
size by adding tensides, such as PVA or gum Arabic, to the
emulsion.

In hexane, silicone spheres incorporating a static emulsion
swelled by a factor of 2 when more than 1 mm in diameter
and by a factor of 2.5 when smaller. This observation is in
accordance with the swelling of silicone elastomers in organic
solvents that was already reported by Gill et al.[17] and
Ragheb et al.[18]. In the study of Gill et al.[17] the volume
increase was 60–230%, Ragheb et al.[18] did not give distinct
values. The effect can be ascribed to the expansion of the
polymeric network by the influx of organic solvent. Thus, the
observed difference between small and large silicone spheres
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under strain was not observed and the initial shape was repet-
itively regained. Even under very drastic conditions, at vigor-
ous shaking of suspended silicone spheres in the presence of
glass beads for one week[27], mechanical resistance was very
high: only 3.4± 0.9% of the original bead weight were lost.
From this findings can be expected that the here described
static emulsion will easily fulfill the requirements of long-
term use in biotechnological applications, as the employed
processes do usually not subject a stress as extreme and endur-
ing as in our investigation.

3.1.1. Lipase activity in static emulsions
The entrapment of lipase A fromCandida antarctica

(CALA) and lipase fromThermomyces lanuginosa (TLL),
as static emulsions in silicone spheres resulted in a consid-
erable activation of both enzymes. This is documented by
the activity of the immobilised lipases which, in compari-
son to free enzyme in hexane (relative activity,Table 1), was
enhanced by factor 31 for CALA and factor 250 for TLL.

A maximum apparent activity of 0.5 U/gImmob. and
33 U/gImmob. was achieved for CALA and TLL, respec-
tively. The linear relationship between the apparent activity of
CALA and protein content of the immobilisates indicates that
for this enzyme an increase of apparent activity can still be
achieved by increasing the amount of entrapped enzyme. In
contrast, maximum loading of immobilisates with TLL was
o
w LL
a

ient
m , the
h rison
t g to
R c-
t
a lytic
a use
R cti-
v s
t ed for
t ture
o cial
p ipase
B ven
i the
c text,
i n is,
t ssful
i

the
i ee
e e
r has
t gels
[ ses
t sfer
ight be caused by a different degree of polymerisatio
ot by inaccuracies of the measurement techniques. It c
upposed that the swelling of silicone elastomers in org
olvents is advantageous for mass transfer of hydrop
ubstrates and products. Interestingly, the silicone sp
sed in this work turned out to be firmer after swelling t
efore.

Incorporating a static emulsion did obviously not aff
nown elasticity of silicone elastomers, i.e. a breaking p
btained at a protein content between 3.7 and 5.6 mg/gImmob.,
hich is obvious from the constant apparent activity of T
t protein loadings of 5.6− 14.9 mg/gImmob. (Table 1).

Since sol–gels are up to date the by far most effic
atrices for the entrapment and activation of lipases
ere presented novel method was evaluated in compa

o sol–gel preparations which were produced accordin
eetz et al.[5]. In this sol–gels an activation of TLL by fa

or 260, which is comparable to published data[21], was
chieved, whereas CALA revealed dramatically low cata
ctivity (Table 1). This latter result was unexpected beca
eetz et al.[5] had previously reported a low, but distinct a
ation of lipase fromC. antarctica in sol–gels. However, a
hese authors did not specify the enzyme preparation us
heir experiments, their investigation might refer to a mix
f lipase B and A which is customary in many commer
reparations. In that case, an enhancement of activity of l
would have led to an overall enhancement of activity e

f lipase A was not active at all, and would thus explain
ontradiction to the here presented results. In this con
t is remarkable that the entrapment in a static emulsio
o our knowledge, the first recorded method of a succe
mmobilisation of CALA.

Regarding the performance of the static emulsion in
mmobilisation of TLL, activation in comparison to the fr
nzyme was of factor 250 (Table 1) and thus in the sam
ange as after entrapment in sol–gels. Admittedly, this
o be relativised for the “second generation” of sol–
21] which has a clearly higher activating effect on lipa
han the here investigated “first generation”. Mass tran



A. Buthe et al. / Journal of Molecular Catalysis B: Enzymatic 35 (2005) 93–99 97

Table 1
Esterification activity of CALA and TLL after immobilisation in sol–gels and static emulsions, respectively (average activities were determined for five different
preparations per enzyme loading)

Enzyme Immobilised
proteina (mg/g)

Apparent activity
(U/gImmob.)

Specific activity
(U/mgProtein)

Relative
activityb

CALA
Static emulsion 0.7 0.14± 0.03 0.18± 0.04 31.1± 7.4

1.5 0.22± 0.09 0.14± 0.06 24.1± 9.8
2.3 0.36± 0.13 0.15± 0.06 26.8± 10.0
3.2 0.49± 0.13 0.16± 0.04 27.1± 7.4

Sol–gel 2.7 0 0 0
5.0 0 0 0

10.4 0.034 0.004 0.6

TLL
Static emulsion 3.7 22.1± 10.7 5.85± 2.89 250.9± 123.9

5.6 31.6± 9.6 5.60± 1.70 240.1± 42.9
7.4 33.2± 6.8 4.36± 0.96 187.0± 41.2

11.1 31.7± 7.2 2.81± 0.64 120.5± 27.4
14.9 32.9± 19.1 2.20± 1.25 94.3± 53.6

Sol–gel 1.6 9.5± 1.6 6.07± 0.99 260.5± 42.5
2.9 9.1± 0.8 3.11± 0.36 133.2± 15.2
4.4 8.6± 1.5 1.97± 0.47 84.6± 20.0

a The amount of immobilised protein was calculated by taking into account entrapment efficiency and maximum yield of immobilisate. Entrapment efficiency
ranged between 92.5± 3.5% of applied protein.

b The relative activity is defined as ratio of activities of immobilised and free enzyme (activityImmob./activityFree).

limitation, however, is obviously lower in static emulsions
than in sol–gels: At different protein loadings the appar-
ent activity of TLL in sol–gels remains constant, while the
specific activity decreases with increasing protein content.
Apparently, maximum enzyme loading is exceeded at very
low concentrations, and subsequently only a low apparent
activity can be achieved (9.5 U/gImmob.). In static emulsions
higher protein loading is feasible and results in a significantly
higher apparent activity of TLL (33.2 U/gImmob.). At present,
this advantage can be overridden by the increase in apparent
activity that can be obtained with optimised sol–gel materials
[12,15,21,22], but nevertheless demonstrates the promising
potential of static emulsions with regard to technical appli-
cation. After all, extensive optimisation has not yet been
performed for this novel method of lipase immobilisation.

The good performance of static emulsions with regard to
the activity of CALA and TLL is probably a result of the per-
sistent two-phases and large water-organic interfaces present
in the immobilisates. Turner et al.[2] as well as Louwrier
et al. [23] pointed out that from a kinetic point of view
esterification with lipases is more effective in liquid-liquid
biphasic systems than in microaqueous systems, even if the
water activity is close to one. This is due to the extraction
of the reaction product by the surrounding organic phase
and probably to a favourable conformation of the enzyme
at water-organic interfaces[2,23]. Additionally, the interac-
t ses
a erall
a f
b L in
o ifica-
t

b): At a water content of 90% (v/v) the activity of CALA
and TLL was still 14-fold and 37-fold, respectively, higher
than in water-free media. In static emulsions, lipase activ-
ity decreased significantly when immobilisates were stored
under conditions which allowed the evaporation of water

F v/v)
o arried
out five times for each enzyme. The large standard deviation is probably due
to not exactly identical emulsions.
ion with the interface can lead to an enrichment of lipa
nd thus more enzyme molecules contribute to the ov
ctivity in biphasic systems[28–30]. The beneficial effect o
iphasic systems was also observed for CALA and TL
ur study when the native enzymes were used for ester

ion in hexane at increasing amounts of water (Fig. 3a and
ig. 3. Influence of different amounts of water in hexane (up to 120%
n the esterification of octanol and caprylic acid. Experiments were c
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Fig. 4. Influence of the exposure of static emulsions with an initial water
content of 22.5% (v/v) to air at room temperature on the catalytic activity
of entrapped CALA (3.2 mgProtein/gImmob.) and TLL (7.3 mgProtein/gImmob).
Experiments were repeated three times.

(Fig. 4). In contrast, no activity loss was detected when immo-
bilisates were stored in hexane. The excellent stability of the
static emulsion was shown in four repetitive reaction cycles
where lipase activity remained at a constant value.

4. Conclusion

With the here presented persistent emulsification of CALA
and TLL in silicone spheres a new and promising immobil-
isation method has been developed which allows enhance-
ment of enzyme activity along with enzyme loadings and
matrix properties suitable for technical use. The good results
obtained with two different lipases indicate suitability for a
broad range of lipases. At first sight, this assumption seems
to be contradicted by the work of Ragheb et al.[18], who
reported a decrease in activity of lipase fromCandida rugosa
in silicone elastomers when water was added to the non-
vulcanised matrix. However, the immobilisation technique
applied in the respective study probably allowed phase sep-
aration and thus no static emulsion was achieved. Moreover,
Wang et al.[19] reported successful entrapment of aqueous
solutions of�-amylase and glucose oxidase in membrane-
shaped elastomers, which is a strong hint that the static
emulsions developed in the here presented study could be
applied not only to the immobilisation of lipases, but also to
e

cro-
e to
b am
p -
c ions
s o-
b inly
h om-
p uch
h can

have a negative influence on entrapped enzymes[6], is unnec-
essary. Different from silicone matrices formerly used for
enzyme immobilisation[17–20], silicone elastomers used in
this study are of spherical shape – a shape which might be
advantageous for both, large-scale application and large-scale
production of immobilisates.
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