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Abstract Chiral esters with high 
optical purity have been synthesized 
at 298.2 K from racemic 2-octanol 
and alkanoic acids using the com- 
mercial lipases from Chromo- 
bacterium viscosum (CV) or Candida 
sp. (SP 525) immobilized in 
microemulsion-based gelatin gels. 
The microemulsions consisted of 
water and alkanes stabilized by the 
anionic surfactant sodium 1,4-bis(2- 
ethylhexyl) sulfosuccinate (AOT) and 
the naturally occurring zwitterionic 
surfactant soybean lecithin, respec- 
tively. The enzymes were solubilized 
both in water-in-oil (W/O) micro- 
emulsions and in microemulsions 
with a bicontinuous structure. 
Different microstructures of the gels 
were chosen since the enzyme may 
undergo conformational changes in 
different environments resulting in 
different catalytic efficiencies toward 
competing substrates. Therefore, it is 
of great fundamental interest to know 
the phase behaviour and the micro- 
structures of the used microemulsion 

systems. Phase diagrams were 
determined at 298.2 K for the systems 
water-hexane-AOT and ethanol/ 
water (1 : 1)-hexadecane-soybean 
lecithin. The former system exhibited 
a large one-phase W/O micro- 
emulsion region, while in the latter 
a small one-phase region with 
bicontinuous structure was present. 
The kinetic enantiomeric ratios (E- 
values), as determined from enantio- 
meric excess (e.e.) values at a con- 
version below 0.5, were higher 
both in the W/O microemulsion as 
well as in the bicontinuous micro- 
emulsion using the SP 525 
lipase, than using the CV lipase. On 
the other hand, the conversions were 
higher using gels based on W/O 
microemulsions (AOT stabilized) 
than using gels based on micro- 
emulsions with a bicontinuous 
structure (lecithin stabilized). 

Key words Phase equilibria - 
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Introduction 

Thermodynamically stable and optically isotropic solu- 
tions of water, oil and surfactant are usually referred to as 
microemulsions [1]. On a microscopic scale these solu- 
tions are structured into aqueous and oil microdomains 

separated by a monolayer of surfactants [-2, 3]. Thus, 
microemulsions are good solvents for both nonpolar or- 
ganic molecules and polar inorganic ones. They are there- 
fore involved in many applications, e.g. cleaning, tertiary 
oil recovery, liquid-liquid extraction, nanoparticles, phar- 
maceutics, cosmetics or textile processing [4-6]. In recent 
years microemulsions have widely been used as reaction a ,  
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media for enzyme catalysis [7-36]. Studies have been 
performed in systems such as one-phase water droplets-in- 
oil [7 32] or microemulsions with a bicontinuous struc- 
ture [-13, 33, 34] and in three-phase systems [33-35] with 
a surfactant-rich bicontinuous middle phase. Especially, 
the water soluble lipases acting on reactants that are 
insoluble or poorly soluble in aqueous solutions have been 
studied intensively [36]. The enzyme is located in the 
aqueous microdomains, and the reaction is believed to 
take place at the oil/water interface 1-36, 37]. However, the 
different phases in microemulsion systems are very sensi- 
tive to additives and problems arise from destabilization 
effects caused already by moderate substrate and product 
concentrations leading to phase separation of the micro- 
emulsion. Consequently, most of the studies have been 
done to clarify the physical properties of the microemul- 
sions themselves or the influence of an organized medium 
on the reaction kinetics. 

The enzyme lipase (triacylglycerol acylhydrolase; E.C. 
3.1.1.3) usually catalyzes the hydrolysis of ester bonds in 
aqueous media, but in water-poor media lipases are also 
able to catalyze the synthesis of varieus specific esters from 
acid and alcohol [9, 19, 34]. The water content can be 
readily controlled in microemulsions and they are well 
suited to enzymatically catalyze ester syntheses. In recent 
years Rees and coworkers [38-41] have immobilized 
lipases in microemulsion-based gelatin gels (MBGs) in 
order to increase the concentration of the substrates in the 
reaction medium and to re-use the enzyme. Using these 
systems, preparative-scale synthesis of a wide variety of 
esters was possible and repeated usage of the gel showed 
an enzyme activity of 0.75 times the initial value after 30 
days. These improvements have both economical and pro- 
cess technical consequences. The same technique has also 
been applied by Jenta et al. [42] and by Nascimento et al. 
[43] to lipase-catalyzed esterifications. 

Today there is an increasing demand for efficient 
biotechnical methods for synthesis of optically pure 
compounds. Rees et al. [39] observed a stereoselective 
esterification of 2-octanol for three different lipases 
yielding a product with an enantiomeric excess (e.e.) 
value ranging from 0.8 to 0.92. On the other hand, in the 
investigation by Uemasu and Hinze [44] the e.e. value was 
only 0.32, for the esterification of(+/-)-2-methylbutyric 
acid to ethyl-(+)-2-methylbutyrate by the MBG tech- 
nique. Recently, Jesus et al. [45] showed that lipases 
from different sources exhibited high and similar enan- 
tioselective efficiencies, differing however in conversions 
of obtained esters. In a previous work [46] we investi- 
gated the catalytic behaviour of the lipase from Chromo- 
bacterium viscosum (CV) immobilized in MBG on esterifi- 
cation of long-, middle- and short-chain alkanoic acids 
with racemic 2-octanol according to the following 

reaction: 

(R)/(X)-2-octanol + alkanoic acid 

(S)-(+)-2-octanol + (R)-( - )-2-octyl ester + H20 (1) 

The syntheses were carried out with the sectioned gels 
in various hydrophobic solvents using different initial re- 
actant concentrations. The best conversion was received 
with hexane as the solvent and the e.e. values were the 
same or somewhat higher compared with syntheses per- 
formed in ordinary organic solvents. It could be concluded 
that the conversions depended on the distribution of the 
reactants and the products between the reaction solvent 
and the gel. We have, therefore, investigated the structural 
mechanism of the gel in more detail in this work for the 
enzymatically catalyzed esterifications of nonanoic and 
hexanoic acids with racemic 2-octanol in hexane. The 
commercial lipase used was SP 525, originated from a 
Candida sp. 

The microemulsion-based gel is prepared by mixing 
a one-phase microemulsion containing the enzyme with an 
aqueous gelatin solution. The microemulsions used in this 
work were stabilized by sodium 1,4-bis(2-ethylhexyl) 
sulfosuccinate (known as AOT) and soybean lecithin, 
respectively. The phase behaviour of the system 
water-hexane AOT at 293.2 K is known from literature 
[47]. A large water-in-oil microemulsion is formed at 
room temperature. However, we were interested in phase 
equilibria at 298.2 K and re-determined the diagram at 
some compositions. We also determined the partial phase 
diagram ethanol/water-hexadecane-soybean lecithin in 
order to solubilize the lipase in a known one-phase micro- 
emulsion before preparing the gel. Since lecithin is slightly 
too lipophilic to form microemulsions in oil-water systems 
ethanol was added to the system, where it acts as a cosol- 
vent rather than as a cosurfactant [48-50]. Very few 
enzyme-catalyzed reactions have been performed in micro- 
emulsion systems stabilized by lecithin [33, 50-53] and to 
our knowledge only one was performed using lecithin- 
based MBGs [46]. A good reason for studying these kinds 
of systems might be the use of enzyme-containing lecithin- 
stabilized microemulsions as models for biomimetic 
environment for membrane bound proteins. 

Experimental 

Chemicals 

Sodium 1,4-bis(2-ethylhexyl) sulfosuccinate (AOT) of 99% 
purity was obtained from Sigma Chemicals, USA and 
soybean lecithin (Epikuron 200) from Lucas Meyer Co., 
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FRG. The distribution of fatty acids in the lecithin has 
been described elsewhere [48, 50]. Hexanoic and nonanoic 
acids, and (_+)-2-octanol ( >  98% purity) were from 
Fluka, Switzerland. Hexane was purchased from Merck, 
FRG, and hexadecane from Sigma Chemicals. Acetic an- 
hydride of 97% purity was supplied by Merck and ethanol 
by Oy Alko Ab, Finland. Pyridine with a purity of 99% 
and the catalyst 4-dimethylaminopyridine were purchased 
from Sigma Chemicals. The water was distilled and 
deionized immediately before use. All other chemicals 
were used without further purification. Racemic 2- 
octylesters (95% purity) were synthesized using well- 
known procedures. Gelatin (Bloom 231) was obtained 
from YA, Finland. The C a n d i d a  sp. lipase, SP 525, was 
kindly supplied by Novo Nordisk, Denmark and C h r o m o -  

bac t e r ium  v i scosum was purchased from Biocatalysts, 
UK. 

Phase behaviour 

The phase diagram by La Mesa et al. [47] for the water- 
hexane system stabilized by AOT has been re-determined 
at 298.2 K, and a phase diagram for ethanol/water-hexa- 
decane systems stabilized by soybean lecithin has been 
determined. The mass ratio between ethanol and water 
was 1 : 1. Samples with fixed compositions were homogen- 
ized by heating up to 330 K and by the use of a mechanical 
shaking device. They were then allowed to equilibrate 
for at least 1 month in a thermostated bath at 298.2 K 
and analyzed visually between polarizing glasses. The 
structures of the liquid crystalline phases were identified 
by a polarizing microscope. Anisotropic liquid crystalline 
phases are birefringent and the lamellar D phase is identi- 
fied by the mosaic pattern, while the hexagonal phases 
E and F usually show a non-geometric texture. The uncer- 
tainty in the phase boundaries is about wi = _+ 0.005. 

Preparation of gel 

The first microemulsion-based gelatin gels were prepared 
by Haering and Luisi [54] and Quellet and Eicke [55] 
using microemulsions stabilized by AOT. More recently 
Robinson and co-workers [39-42, 56] immobilized lipase 
from different sources in MBGs with retention of catalytic 
activity. However, the gels used in this work were prepared 
from isotropic solutions with different microstructures. 
Usually the gels were prepared at 328 K by adding a 
water-in-oil (W/O) microemulsion to an aqueous gelatin 
solution. The AOT-based gel was prepared from a W/O 
microemulsion consisting of water, hexane and surfactant, 
at mass fractions of 0.12,0.71 and 0.17, respectively. The 

microemulsion, 5.13 g, was gelatinized with 1.4 g gelatin 
and 1.8 g water. The soybean lecithin-based gels were 
prepared from microemulsions with a bicontinuous 
structure at mass fractions of 0.55, 0.25 and 0.20 for 
water/ethanol (1 : 1), hexadecane and lecithin, respectively. 
The same amount of water and gelatin, as for the AOT- 
based gels, were used to gelatinize 4.53 g of the lecithin- 
based microemulsion. Two different ways were used to 
immobilize the enzyme: by injecting an aqueous solution 
of the enzyme into the oil and surfactant solution or by 
solubilizing the enzyme in the microemulsion. No signifi- 
cant differences in the progress of the reactions could be 
detected between the two methods. The enzyme activity 
was 250 U cm - 3 when calculated in terms of volume of the 
gel. The conductivity of the solutions was measured at 
298.2 K as a function of added gelatin with a Seibold 
conductometer and the viscosity of the gel as a function 
of shear rate (from 1.9x 10-3s -1 to 1.5x 10-2s -1) on 
a Bohlin VOR rheometer. 

Enzymatic reactions 

The reactions were mainly performed as previously 
described [46]. The concentrations were set to 
0.33moldm -3 for both alcohol and acid. The reaction 
temperature was 298.2 K and the occurrence of produced 
water (if any) in the reaction medium was determined with 
Karl Fisher Coulometer 652 (Metrohm). The 2-octanol in 
the samples withdrawn from the reaction medium was 
acetylated with acetic anhydride in the presence of py- 
ridine and 4-dimethylaminopyridine prior to the analyzes. 
The acetylated samples were injected into a Varian 3400 
gas chromatograph and analyzed on a Cyclodex-B chiral 
column (J & W Scientific), 30 m x 0.252 mm, with a film 
thickness of 0.25/~m. The absolute configuration of the 
ester was based on the chiral GLC method by using the 
retention time obtained for the esterification of R-( -- )-2- 
octanol with the alkanoic acid in an enzymatic reaction. 
The enantiomeric excess (e.e.) values for both product (p) 
and substrate (s) were calculated from the peak areas by 
the formula: 

e.e. = (A~ - A z ) / ( A ~  + A2)  (2) 

where At is the area for the dominating enantiomer and 
A2 is the area for the other enantiomer. The conversion of 
the ester formed, c, was determined using a calibration 
curve with ester standards or by the formula: 

c = e.e.(s)/(e.e.(s) + e.e.(p)) . (3) 

For the quantitative treatment of biochemical kinetic re- 
solution data Chen et al. [57] have derived the following 
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equations for irreversible reactions 

E = ln[1 - c(1 + e.e.(p))]/ln [1 - c(1 - e.e.(p))] (4) 

and 

E = In [(1 - c)(1 - e.e.(s))]/ln [(1 - c)(1 + e.e.(s))] (5) 

where the enantiomeric ratio, E, is a kinetic constant, 
which describes the enantioselectivity of the enzyme. 

Results and discussion 

Phase behaviour 

The one-phase region, the La phase in Fig. 1, of the system 
water hexane-AOT was much larger at 298.2 K than at 
293.2 K as determined by La Mesa et al. [47]. The phase 
consisted of inverse swollen micelles and water droplets- 
in-oil microemulsion. As these closed structures grow with 
increased water contents the conductivity decreased all the 
way up to WH2o = 0.62 (figure not shown), as a result of 
a decreased droplet concentration and mobility. Jada et al. 
1-58] have shown that only W/O microemulsions are pres- 
ent at 298.2 K (by conductivity measurements). The gels 
have been prepared from the L2 phase in Fig. 1, for the 
composition a, described in the experimental section. 

When the natural, biological component soybean 
lecithin was mixed with hexadecane and an ethanol/water 
solution, one-, two-, and three-phase regions were ob- 
served. The partial phase diagram of the water/ethanol 
(1: 1)-hexadecane lecithin system in Fig. 2 resembled that 
of a water-alkane-nonionic surfactant system at a certain 
temperature [-59]. The bottom phase of the three phases 
in equilibrium at low lecithin contents was a dilute 
ethanol/water solution of lecithin, the top phase was a di- 
lute solution of lecithin and ethanol/water in hexadecane 
and the middle phase contained most of the lecithin. De- 
pending on the nature of the surfactant this phase may be 
an isotropic solution or a liquid crystalline phase. It has 
previously been shown that these three phases form a 
Winsor III system, i.e., the middle phase is also a solution 
[50]. Outside the three-phase area the microemulsions 
were in equilibrium with almost pure hexadecane (Winsor 
I) and an aqueous/ethanol solution (Winsor II), respective- 
ly. The one-phase area in the middle of the triangle dia- 
gram was a microemulsion with bicontinuous structure 
(Winsor IV), as concluded previously [46]. The enzyme 
has been solubilized in this phase (point a in Fig. 2) before 
preparing the gel. At higher lecithin contents a lyotropic 
crystalline phase with indefinitely long, mutually parallel 
inversed rods in hexagonal array i.e., phase F, was found. 
At still higher lecithin contents a lamellar phase with 
bilayers of planar topology was present. This phase D ex- 
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Fig. 1 Extensions of the isotropic L2 and L1 phases at 298.2 K for 
the system water-hexane-sodium 1,4-bis(2-ethylhexyl) sulfosucci- 
hate. Only the phase boundaries of /i) and F (liquid crystalline 
phases) and I2 (isotropic cubic phase) on the binary axes were 
determined. Point a represents the composition of the microemulsion 
used in the preparation of the MBG 

1.0 
0,0 0,2 

_J 
0.4 0.6 0.8 1.0 

Wsoybean lecithin 

Fig. 2 Partial phase diagram at 298.2K for the system 
ethanol/water-hexadecan~soybean lecithin. The mass ratio between 
ethanol and water was 1. W I-W IV denote Winsor systems of 
different types. LI and L2 are isotropic solution phases, D and F are 
liquid crystalline phases. Point a in the W IV system (shadowed) 
represents the used microemulsion 

tended over a very large dilution range, from the binary 
ethanol/water-lecithin system up to 0.40 hexadecane mass 
fractions. 



544 Colloid & Polymer Science, Vol. 274, No. 6 (1996) 
�9 SteinkopffVerlag 1996 

LECITHIN GELATIN ENZYME coexisting with water droplets in oil stabilized by the 
surfactant, i.e., AOT, and finally 3) reverse micelles in oil 
containing water and a part of the gelatin. The micelles are 
connected by the rest of the gelatin, arranged in helical 
strands. 

Esterification reactions 

Fig. 3 A proposed model for the microstructure of a microemulsion- 
based gel 1-61]. Rigid gelatin network surrounded by water channels 
stabilized by soybean lecithin. No water droplets are present 

The structure of the gel 

The conductivity of the AOT-based microemulsion in- 
creased remarkably upon addition of gelatin, while the 
change for the lecithin system was small [-46]. In the 
former microemulsion bicontinuous structures were for- 
med during the gelation process, while the latter already 
exhibited this structure before addition of gelatin. Further- 
more, there were no free ions in the lecithin system. Circu- 
lar dichroism (CD) measurements gave a positive signal 
for the AOT-based gel; i.e., the same as for a gel based only 
on gelatin and water, while the lecithin-based gel gave 
a negative signal [60]. The interpretation was that lecithin 
does not participate to its whole extension in the gel 
structure. That the used gels have different structures 
could also be seen from atomic force microscopy (AFM) 
images [60]. 

The viscosity can be taken as a measure on the rigidity 
of the gel. The MBGs used in this work exhibited a very 
high viscosity i.e., the mean value was 20 kPa s- ~ for the 
shear rates studied and the components of the gel do not 
leach out even when stored for a long time in the reaction 
solvent. In spite of this high rigidity, structural character- 
izations of MBGs using a wide variety of techniques sug- 
gested the existence of extensive ion-conducting channels 
and a high mobility of the organic solvent molecules [39]. 

Petit et al. [61] have proposed three different models 
for the microstructure of the MBG: 1) Aggregated gelatin 
molecules in a rigid network surrounded by water chan- 
nels intertwined with oil channels separated by the surfac- 
tant film. This is shown in Fig. 3 for the lecithin-based 
gelatin gel. 2) A gelatin network as in the first model 

In our previous work [46] it was concluded that the 
conversion of esters depended on the distribution of the 
reactants and products between the MBG and the solvent. 
Therefore we have examined in more detail the working 
mechanism of the gels as reaction media. For this purpose 
the resolution of racemic (R)/(S)-(_+)-2-octanol by selective 
esterification of the (R)-(-)-enantiomer with alkanoic 
acids was carried out using MBGs containing the lipase 
SP 525. Using this technique both the enzymatic enan- 
tioselectivity and the reaction rate are independent of the 
initial reactant concentrations [46]. Therefore, the sub- 
strate concentrations were kept at the same level, i.e., 
0.33 tool din-3, in all performed experiments. 

For the AOT-based gel in Fig. 4 both acid and alcohol 
go together into the gel and the produced ester comes 
simultaneously out of the gel. The chemical conversion of 
(R)-(-)-2-octyl hexanoate was practically stopped after 
3 days of reaction time and closely corresponded to the 
theoretical conversion of 0.5 according to Eq. (1). The 
conversion could be kept at this high level for at least 13 
days and no (S)-( + )-ester could be detected in these sam- 
ples and no (S)-(+)-2-octanol was consumed. 

Lipase-containing MBGs maintain their integrity for 
temperatures below the gel melting point at 303 K and 
therefore the gels were stored in a freezer when not in use. 
The effect of long time storage at this low temperature and 
of the accumulated water in the gel, produced in former 
esterifications, was tested by using a 1 year old AOT-based 
gel containing Chromobacterium viscosum-lipase. The con- 
version of (R)-(-)-2-octyl nonanoate in Fig. 5 was still 
high after the storage. After five days the e.e.(p) value was 
> 0.99 corresponding to a chemical conversion of 0.24. 

From Fig. 5 it can be seen that the e.e.(p) value decreased 
with time and after 24 days it was 0.86 corresponding to 
a conversion of 0.49. These values can be compared with 
the values of 0.87 (e.e.(p)) and 0.50 (conversion), respective- 
ly [46], after 3 days using a fresh AOT-based gel contain- 
ing the same CV-lipase. Thus, it can be concluded that the 
storage of the gel has no apparent effect on the conversion 
of ester nor to any greater extent on the enantioselectivity 
of the enzyme. Only the reaction rate was slowed down. 

The lecithin-based gel containing SP 525 lipase also 
catalyzed the esterification of racemic 2-octanol with high 
enantioselectivity. The progress of the reaction can be seen 
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Fig. 4 Extent of reaction using 
the AOT-get with SP 525 Iipase. 
The initial concentrations were 
0.33 moldm 3 for both alcohol 
and acid. The symbols represent: 
(R)-2-octanol (~7), (S)-2-octanol 
(zx), hexanoic acid (v), (R)-2-octyl 
hexanoate (=), (S) -2-octyl 
hexanoate (s), and e.e.(p) (o) 
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Fig. 5 Extent of reaction using 
a 1-year old and many times 
used AOT-gel with 
Chromobacterium viscosum 
Iipase. The initial concentrations 
were the same as in Fig. 4. The 
symbols represent: (R)/(S)-2- 
octanol (,~), nonanoic acid (v), 
(R)-2-octyl nonanoate (=), (S)-2- 
octyl nonanoate (c_), and e.e.(p) 
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in Fig. 6 for hexanoic acid. However ,  the react ion s topped 
at a conversion of abou t  0.24 for both  hexanoic and 
nonano ic  acid as the acylat ing agent. As the A O T -  (Fig. 4) 
and lecithin-based (Fig. 6) gels are compared ,  a difference 
in the acid behaviour  appears.  Fo r  the lecithin gel the acid 
rapidly decreased in the react ion solution, i.e., it pen-  
e trated the gel. F o r  the A O T  gel the a m o u n t  of  acid in the 
react ion solution decreased at the same rate as the alcohol. 
The in terpre ta t ion  is that  the two used gels have different 
microst ructures  as pointed out previously (see section 
S t r u c t u r e  o f  the  gel) .  

The enant iomer ic  excess values (e.e.(p)), taken as 
a measure  on the optical  pur i ty  are close to 1 for the 

esterifications in Figs. 4 and 6 (only the (R)-euant iomers of 
the esters could be detected by the chiral G L C  and only 
the (R)-octanol was consumed).  Both the AOT-  and the 
lecithin-based gels were highly stereoselective for the sub- 
strates tested, when the enzyme used was SP 525. Our  
results are c o m p a r e d  with l i terature da ta  in Table  1. Cal- 
culated E-values using the Eqs. (4) or  (5) for irreversible 
reactions are also included in Table  1. Lipase-cata lyzed 
esterifications at the oi l /water  interface are irreversible 
reactions since the surface active propert ies  of  enant iomers  
are identical, i.e., the net penetra t ion rate of the enzyme 
into the interface is not  affected by changes in the con- 
centrat ions of the enant iomers  [-62]. The  very high 
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Fig. 6 Extent of reaction using 
the lecithin-gel with SP 525 
lipase. The initial concentrations 
were the same as in Fig. 4. The 
symbols represent: (R)-2-octanol 
(v) , (S)-2-octanol (zx), hexanoic 
acid (v), (R)-2-octyl hexanoate 
(m), (S)-2-octyl hexanoate ([]), 
and e.e.(p) (o) 
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Table 1 Resolution of racemic (R)/(S)-2-octanol by stereoselective esterification with different alkanoic acids in this work and current 
literature using microemulsion-based gels. Incubation temperature, 298.2 K 

Source of lipase Gel Acylating agent Conversion e.e.(p) E a Ref. 

SP 525 AOT-MBG 
SP 525 AOT-MBG 
SP 525 Lecithin-MBG 
SP 525 Lecithin-MBG 
CV AOT-MBG 
Pseudomonas sp. AOT-MBG 
Microbial AOT-MBG 
CV AOT-MBG 
CV AOT-MBG 
CV Lecithin-MBG 
CV AOT-MBG 
Pseudomonas sp. AOT-MBG 
Microbial AOT-MBG 

Hexanolc acid 
Nonanoic acid 
Hexanoic acid 
Nonanoic acid 
Decanoic acid 
Decanom acid 
Decanoic acid 
Hexanoic acid 
Nonanoic acid 
Nonanoic acid 
Hexanoic acid 
Hexanoic acid 
Hexanolc acid 

0.45 
0.42 
0.24 
0.23 
0.45 

0.25 
0.52 
0.40 
0.18 
0.15 
0.16 

> 0.99 > 150 this work 
> 0.99 > 150 this work 
> 0.99 > 150 this work 
> 0.99 > 150 this work 

0.92 39 
0.88 39 
0.80 39 
0.90 25 46 
0.87 50 46 
0.86 25 46 

45 
45 
45 

"The E-values are calculated from Eq. [-4] and [5]. 

stereoselectivity of the enzyme is also reflected by the high 
E-values for SP 525 lipase. 

Concluding remarks 

Lipase-containing microemulsion-based gelatin gels pro- 
vide a unique medium for performing stereoselective es- 
terifications of racemic alcohols with alkanoic acids in 
hydrophobic  solvents. Due  to the relatively concentrated 
reactant solutions and the high conversions these gels are 
of practical use in preparative scale-synthesis. The conver- 
sions were higher using gels based on water droplets-in-oil 
microemulsions than using gels based on microemulsions 

with bicont inuous structures. Careful selections of aque- 
ous medium, oil and surfactant as well as familiarity with 
their phase behaviours are therefore of  fundamental  im- 
por tance in preparing the gels. The same gel may  be used 
several times to catalyze reactions involving different sub- 
strates, since remaining products  and reactants may be 
washed out  from the gel by using fresh hydrophobic  sol- 
vents. The efficiency depends on the hydrophobic i ty  of the 
solvents. However,  long time storage of the gel decreases 
the reaction rate. The optical purities of the esters, 
especially those with SP 525-1ipase, are the highest ever 
reached with the gel technique. 

The gel me thod  used in this work is thus characterized 
by high conversions and high optical purities, relatively 
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concent ra ted  reactant  solutions, room temperature,  no 

stirring, no addi t ional  buffer, re-use of enzyme, and  rea- 

sonable react ion times. All these improvements ,  compared  
with pure microemulsions,  have economical  as well as 

process technical consequences. 

Acknowledgements We thank Novo Nordisk for kindly supplying 
the lipase SP 525 and Mr. Eero V~nttinen for synthesizing the esters 
used for calibrations. Ms. Teresa Czuryszkiewicz, Mrs. Gertrud 
Kiwilsza, Ms. Patricia Snickars, and Mr. Patrik Agren are thanked 
for help with the experimental work. Funding for this work was 
provided by the Technology Development Centre, Finland 
(TEKES). 

References 

1. Danielsson I, Lindman B (1981) Colloids 
Surfaces 3:391-392 

2. Stilbs P, Lindman B (1984) Progr Col- 
loid Polym Sci 69:39 47 

3. Evans DF, Mitchell D J, Ninham BW 
(1986) J Phys Chem 90:281~2825 

4. Israelachvili J (1994) Colloids Surfaces 
A: Physicochemical Eng Aspects 91:1-8 

5. Zana R (1994) Heterogeneous Chem Rev 
1:145-157 

6. Stickdorn K, Schwuger M J, SchomS.cker 
R (1994) Tenside Surf Det 31:218-228 

7. Fletcher PDI, Freedman RB, Mead J, 
Oldfield C, Robinson BH (1984) Col- 
loids Surfaces 10:193-203 

8. Fletcher PDI, Robinson BH, Freedman 
RB, Oldfield C (1985) J Chem Soc Fara- 
day Trans 1 81:2667-2679 

9. Fletcher PDI, Freedman RB, Robinson 
BH, Rees GD, Schom~icker R (1987) 
Biochim Biophys Acta 912:278-282 

10. Schomficker R, Robinson BH, Fletcher 
PDI (1988) J Chem Soc Faraday Trans 
1 84:4203-4212 

11. Xenakis A, Valis TP, Kolisis FN (1989) 
Progr Colloid Polym Sci 79:88 93 

12. Larsson KM, Oldfield C, Freedman RB 
(i989) Eur J Biochem 183:357"-361 

13. Larsson KM, Olsson U, Adlercreutz P, 
Mattiasson B (1990) Biotechnol Bioeng 
35:135-141 

14. Stark MB, Skagerlind P, Holmberg K, 
Carlfors J (1990) Colloid Polym Sci 
268:384-388 

15. Hayes DG, Gulari E (1990) Biotechnol 
Bioeng 35:793-801 

16. Larsson KM, Adlercreutz P, Mattiasson 
B (1991) J Chem Soc Faraday Trans 
87:465-471 

17. Kolisis FN, Valis TP, Xenakis A (1990) 
Ann NY Acad Sci 613:67d~680 

18. Xenakis A, Valis TP, Kolisis N (1991) 
Progr Colloid Polym Sci 84:508 511 

19. Hedstr6m G, Slotte JP, Backlund M, 
Molander O, Rosenholm JB (1992) Bio- 
catalysis 6:281-290 

20. Hedstr6m G, Slotte JP, Molander O, 
Rosenholm JB (1992) Biotechnol Bioeng 
39:218-224 

21. Hayes DG, Gulari E (1992) Biotechnol 
Bioeng 40:110-118 

22. Skagerlind P, Jansson M, Hult K (1992) 
J Chem Tech Biotechnol 54:277-282 

23 Miyake Y, Owari T, Matsuura K, 
Teramoto M (1993) J Chem Soc Fara- 
day Trans 89:1993-1999 

24. Pileni MP (1993) J Phys Chem 97: 
6961-6973 

25. Pileni MP (1993) Adv Colloid Interface 
Sci 46:I39-163 

26. Hedstr/Sm G, Backlund M, Slotte JP 
(1993) Biotechnol Bioeng 42:618 624 

27. Singh CP, Shah DO (1993) Colloids 
Surfaces A: Physicochem Eng Aspects 
77:219-224 

28. Yang CL (1993) Ph D Thesis, The Uni- 
versity of Michigan, USA 

29. Xenakis A, Stamatis H, Malliaris A, 
Kolisis FN (1993) Progr Colloid Polym 
Sci 93:373 376 

30 Miyake Y, Owari T, Ishiga F, Teramoto 
M (1994) J Chem Soc Faraday Trans 
90:975-986 

31. Singh CP, Skagerlind P, Holmberg K, 
Shah DO (1994) J Amer Oil Chem Soc 
71:1405-1409 

32. Skagerlind P, Holmberg K (1994) J Dis- 
persion Sci Technol 15:317-332 

33. Backlund S, Rantala M (1995) Colloid 
Polym Sci 273:293 297 

34. Backlund S, Eriksson F, Karlsson S, 
Lundsten G (1995) Colloid Polym Sci 
273:533-538 

35. Sonesson C, Holmberg K (1991) J Col- 
loid Interface Sci 141:239 244 

36. Holmberg K (1994) Adv Colloid Inter- 
face Sci S1:137-174 

37. Dodson GG, Lawson DM, Winkler FK 
(1992) Faraday Discuss 93:95 105 

38. Rees GD (1990) Ph D Thesis, University 
of East Anglia 

3% Rees GD, Nascimento MG, Jenta TRJ, 
Robinson BH (t991) Biochim Biophys 
Acta 1073:493-501 

40. Rees GD, Robinson BH (1993) Adv Ma- 
ter 5:608-619 

41. Rees GD, Jenta TRJ, Nascimento MG, 
Catauro M, Robinson BH, Stephenson 
GR, Olphert RDG (1993) Indian J Chem 
32B:30-34 

42. Jenta TRJ, Robinson BH, Batts G, 
Thomson AR (1991) Progr Colloid 
Polym Sci 84:334-337 

43. Nascimento MG, Rezende MC, Vecchia 
RD, Jesus PC, Aguiar LMZ (1992) Tet- 
rahedron Lett 33:5891-5894 

44. Uemasu I, Hinze WL (1994) Chirality 
6:649-653 

45. Jesus PC, Rezende MC, Nascimento 
MG (1995) Tetrahedron Asymmetry 
6:63 66 

46. Backlund S, Eriksson F, Kanerva LT, 
Rantala M (1995) Colloids Surfaces B: 
Biointerfaces 4:t21 127 

47. La Mesa C, Coppola L, Rainieri GA, 
Terenzi M, Chidichimo G (1992) Lung- 
muir 8:2616-2622 

48. Shinoda K, Araki M, Sadaghiani A, 
Khan A, Lindman B (1991) J Phys Chem 
95:989 993 

49. Shinoda K, Shibata Y, Lindman 
B (1993) Langmuir 9:1254-1257 

50. Backlund S, Rantala M, Molander 
O (1994) Colloid Polym Sci 272: 
1098-1103 

51. Ohshima A, Norita H, Kito M (1982) 
J Biochem 93:1421-1425 

52. Morita S, Norita H, Matoba T, Kito 
M (1984) J Amer Oil Chem Soc 
61:1571-1574 

53. Schmidli PK, Luisi PL (1990) Biocataty- 
sis 3:367 376 

54. Haering G, Luisi PL (1986) J Phys Chem 
90:5892-5895 

55. Quellet C, Eicke HP (1986) Chimia 
40:233-238 

56. Robinson BH (1990) Chem Br 342-344 
57. Chen CS, Fujimoto Y, Girdaukas G, Sih 

CJ (1982) J Amer Chem Soc I04: 
7294-7299 

58. Jada A, Lang J, Zana R (1989) J Phys 
Chem 93:1~12 

59. Kunieda H, Nakarnura K, Davis HT, 
Evans DF (1991) Langmuir 7:1915-1991 

60. Backlund S, Eriksson F, Kanerva ET, 
Karlsson S, Lundsten G, Rantala M, 
V~inttinen E, Wahtera G (1994) In: 
Stenius P, Sarvaranta L (eds) 12th Scand 
Symp Surface Chem, TKK Offset, Es- 
poo 1994, Series C6:117-119 

61. Petit C, Zemb T, Pileni MP (1991) Lang- 
muir 7:223-231 

62. Chen CS, Wu SH, Girdaukas G, Sih CJ 
(1987) J Amer Chem Soc 109:2812-2817 


