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Abstract

Nonaqueous enzymology has emerged as a major area of biotechnology
research and development. Enzymes in organic solvents offer great potential
for the biocatalysis of a wide range of chemical processes that cannot occur
in water. One of the most commonly used methods for carrying out enzy-
matic conversions in organic solvents is enzymes solubilized in water-in-oil
(w/0) microemulsions or water containing reverse micelles. In reverse
micelles, enzyme molecules are solubilized in discrete hydrated micelles
formed by surfactants within a continuous phase, i.e., nonpolar organic sol-
vent. Under appropriate conditions, these solutions are homogeneous, ther-
modynamically stable, and optically transparent. However, there are very
few examples of preparative-scale enzyme-catalyzed synthesis in water-
in-oil microemulsion. One reason is that despite the advantages offered by
microemulsion media, productisolation and enzyme reuse from such single-
phase liquid medium is more complex than in competing methodologies in
which the catalyst is present as a separate solid phase. Therefore, the
approach simplifying product isolation, and enzyme reuse from micro-
emulsion-based media, has been the use of a gelled microemulsion system,
especially gelatin silica nanocomposite.

Index Entries: Reverse micelles; microemulsion organogels; lipase;
organic solvents; esterification; enzymes.

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 361 Vol. 118, 2004



362 Madamwar and Thakar
Introduction

Enzymes have been employed in catalytic processes for many years,
but although they have found extensive application in aqueous solution,
their use has been somewhat restricted by the fact that water-insoluble
substrate required a large reaction volume and more complicated separa-
tion procedure (1). This problem has been largely overcome in the last three
decades by the development of methods that allow the use of enzymes in
organic solvent (2-5).

Hence, biocatalysis in organic media has become a field of increasing
interest (6-15). The main advantages of nonaqueous enzymology are
increased solubility of the substrates, favorable thermodynamic equilib-
rium shift for many reactions, enhanced thermostability, and ease of recov-
ery of the insoluble enzyme. However, many aspects of the application of
these systems, including scale-up, cost-effectiveness relative to an alterna-
tive process, product separation, and enzyme recovery, have not been
investigated in detail.

Various methodologies have been developed to carry out enzymatic
conversions in organic solvents. These include stirred biphasic water/organic
solvent mixture (16), immobilization of enzymes on solid supports (17),
chemically modified biocatalyst (18), enzyme slurries (addition of enzyme
in organic solvent on an insoluble solid) (19,20), and enzymes solubilized
in water-in-oil (w/0) microemulsions or water containing reverse micelles
(9-11,21-24).

One of the most intensively studied methods has been the technique
of solubilizing enzymes in hydrated reverse micelles or w/o micro-
emulsion. Reverse micelles are spheroidal aggregates formed by surfac-
tants in apolar media. In contrast to normal micelles in water, the polar
groups of the surfactant molecules are directed toward the interior of the
aggregate and form a polar core that can solubilize the water (the “water
pool”),and lipophilic chains are exposed to the solvent. Under appropriate
conditions, these are optically transparent and thermodynamically stable.
These spheroidal droplets of 10-200 nm in diameter are spontaneously
generated and remain dispersed in continuous organic phase as a result of
molecular self-assembly (25-27). The advantage of this procedure is that
the enzyme is dispersed at the molecular level, rather than as a solid aggre-
gate, in a stable liquid solution that is capable of solubilizing polar, apolar,
and interfacially active substrates. Enzymes in such a system are effectively
protected from inactivation by the organic solvent by a layer of water and
surfactant shell (1,11). An impressive variety of enzymes have been solu-
bilized and studied in organic media containing reverse micelles or
microemulsion droplets (9-11,17-20). However, there are very few
examples of preparative-scale regioselective or stereoselective enzymatic
synthesis in w/o microemulsion. One reason is that despite the advantages
offered by microemulsion media, productisolation and enzyme reuse from
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this type of single-phase liquid medium is more complex than in competing
methodologies in which the catalyst is present as a separate solid phase.

Microemulsion-Based Organogels

One approach to simplify product isolation and enzyme reuse from
microemulsion-based media has been the use of a gelled microemulsion
system. Haering and Luisi (28) first described the formation of gelatin-
based organogelin1986.In1991, Atkinsonetal. (29) determined its physical
and structural characteristics and proposed that the microemulsion-based
organogels (MBGs) comprise an extensive, rigid, interconnected network
of gelatin/water rods stabilized by a monolayer of surfactants, in coexist-
ence with a population of conventional w /o microemulsion droplets.

Enzymes immobilized in MBGs offer considerable potential for use in
organic synthesis. Apart from providing reproducibility of structure and
the ability to disperse the biocatalyst at a molecular level, MBG provides a
semisolid matrix, where the large hydrophobic/hydrophilic surface per-
mits synthesis using water-insoluble substrates in organic solvents. MBGs,
to a great extent, overcome the major problems associated with enzyme-
catalyzed organic synthesis in w/o microemulsion, most notably, the effi-
cient reuse of the enzyme and its suitability for large-scale synthesis (5,28).
However, organogels are not adequate for biological applications, because
they have poor mechanical and thermal stability and offer little resis-
tance to an aqueous environment. The gels increase in volume, become
opaque and glutinous, and lose rigidity (30). This may be owing to osmotic
swelling as a result of the high effective ionic strength of the water con-
tained within the gel, compared with the external water phase. Soni and
Madamwar (31) made similar observations when butyric acid was used in
a reaction system in which MBG rapidly degenerated and ultimately
solubilized. Rees etal. (1) also observed similar results when ethanoicacid
was used in the reaction system.

One possible way to overcome this problem is to improve matrix sta-
bility by developing hardened gelatin-based organogel systems, while
maintaining the advantages of the microemulsion-based system (30). Todo
this gelatin organogels are hardened by in situ polymerization of metal
alkoxides such as tetramethoxysilane (30). During this process, oil-soluble
inorganic precursor in the surfactant-stabilized aqueous gelatin network
forms water-soluble monomer (e.g., silicicacid), which subsequently poly-
merizes. As a result of this inorganic polymerization, a highly porous
material is formed, which can be considered as a gelatin-silica nano-
composite (30), which significantly improved thermal, mechanical, and
chemical stability, when compared with that of gelatin organogels. In 1995,
Reetz et al. (32) successfully entrapped lipase in hydrophobic sol-gel
materials prepared from silicium alkoxide to obtain high product yield.
Another advantage of this system is transparency, which permits direct
spectroscopic investigation.
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Preparation of Organogel

Typically, organogel is prepared by heating gelatin powder with the
required amount of water to form a clear solution at 50-55°C. A reverse
micellar solution at the same temperature is added and the mixture shaken
vigorously until all the components are fully dispersed. The mixture is
allowed to cool with occasional shaking to ensure that the system remains
homogeneous, until it gels below 25°C (1,33). Organogels are thermally
reversible provided that they are shaken during cooling to avoid phase
separation, and gels always melt at similar temperature (33).

Hardened gelatin organogels are prepared by the addition of tetra-
ethoxysilane (TEOS) when the system containing aqueous gelatininreverse
micellar solution is at 50°C and gelatin has melted completely to clear
solution. This transparent homogeneous dispersion is gently quenched to
20°C with shaking, and a transparent gelatin is obtained. This enzyme
containing nanocomposite is allowed to stand for 3 wk in a closed vial and
is air-dried and ground to a powder, which significantly increases the sur-
face area, thereby exposing active enzyme to the substrate (30).

The hydrolysis of TEOS uses most of the microemulsion water origi-
nally present in the water pool. The remaining water remains in the core of
the reverse micelle to hydrate the enzyme (30).

Composition of MBG Preparation
Gelatin

Gelatin is a naturally occurring gelling polymer. It is the generic term
given to denatured collagen, a structural protein. The collagen is a triple
helical rod with a length of about 3000 A, aradius of 7 A, and a molecular
weight of about 300,000. The collagen structure is stabilized by hydrogen
bonds, enhanced by the presence of water molecules, which bridge the
strand of the helix. Gelatin forms the individual strand of collagen helix
derived by acid or alkaline hydrolysis. Gelatin dissolves in water above
30°C, but on cooling below this temperature an elastic gel is formed. This
is because protein partially regains the collagen helical conformation with
neighbor strands crosslinking to form an infinite network (30,34).

The strength of aqueous gelatin gel depends on the molecular weight
of the biopolymer. The strength is also reflected by the so-called bloom
number, which is roughly proportional to the protein’s molecular weight (29).

The primary function of gelatin is to organize cavities in a percolating
network, which is then hardened by TEOS polymerization (30).

Microemulsion

Microemulsions are self-emulsifying stable dispersions of oil and
water stabilized by interfacial film of surfactant molecules. In contrast to
normal micelles in water, the polar group of the surfactant molecules is
directed toward the interior of the aggregate and forms a polar core that can
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solubilize the water (the water pool), and the lipophilic chain is exposed to
the solvent (29).

These systems are also characterized by their small particle size (gen-
erally <100 nm), making them stable at a wide range of temperatures, and
they are thermodynamically stable. In contrast to the conventional emul-
sion, these systems are formed spontaneously without the need for any
mechanical work (30).

Microemulsion consists of the following;:

1. Surfactant:

a. Anionic: These surfactants form w/omicroemulsion, and the most
widely used is Aerosol OT ([AOT], sodium di-2-ethylhexasulfo-
succinate). Other anionic surfactants include sodium dodecyl
sulfate and cetyl pyridinium chloride.

b. Cationic: One of the most studied cationic surfactants is cetyl-
trimethylammonium bromide. Generally, in this case a cosurfac-
tant is required to obtain reverse micellar solution. The hydration
number is low for cationic surfactant.

¢. Nonionic: Various nonionic surfactants such as Tween, Triton, and
Brij series have been employed. An important feature of Tween is
that it is nontoxic. The hydrophobic lipophilic balance of nonionic
surfactant shifts toward a lipophilic nature when temperature
increases and a hydrophilic nature when temperature decreases.

d. Zwitterionic: The first preparation of reverse micelles was done
withazwitterionicsurfactant, phospholipid phosphatidylcholine (35).

2. Nonpolar solvents: High-grade, nonpolar solvents such as n-hex-
ane, n-heptane, dodecane, benzene, xylene, isooctane, cyclohexane,
and toluene are used to dissolve amphiphiles. When the substrate of
enzymatic reaction is water soluble, it will solubilize in the aqueous
core of reverse micelles. Hence, no direct effect is observed on the
reaction with a variation in solvents. However, in the case of reac-
tions such as lipase-catalyzed hydrolysis of olive oil (when substrate
isimmiscible or poorly soluble), the effect of solvent on the apparent
activity is probably related to the effect of solvent on the substrate
partitioning between the aqueous and organic phases (26).

3. Cosurfactant: Some surfactant needs cosurfactant in order to
reside in the organic phase and form w/o microemulsions.
Cosurfactants that are mainly long chain alcohols such as hexanol
usually participate in the interfacial region of the w/o micro-
emulsion (36).

4. Buffer/water: A small amount of water /buffer is necessary to stabi-
lize the reverse micelles. Water/surfactant molar ratio (W) is one of
the important parameters in enzyme-catalyzed reactions. Wo con-
trols the size of reverse micelles. The water molecules thatarelocated
in the core of the reverse micelles have different properties from that
of bulk water (37).
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Structural Dynamics of MBG

Structural characterization of MBG has been attempted using a wide
variety of techniques, including conductivity measurements and diffusion
of radioactive tracesin MBGs, in addition to a preliminary analysis of small-
angle neutron-scattering measurement and X-ray-scattering data (29,33).
These results, together with information from nuclear magnetic resonance
(NMR), suggest the existence of extensive ion-conducting channels and a
mobile oil phase (29,33,34). Jenta and colleagues (29,34) have proposed a
schematic model based on neutron scattering and conductivity.

The proposed MBG comprises an extensive, rigid, interconnected net-
work of gelatin/water rods stabilized by a monolayer of surfactant coexist-
ing with a population of conventional w/o microemulsion droplets (34).

In 1991, Rees et al. (1) first reported the use of MBG as a solid-phase
immobilization matrix for lipase. Their studies noted some surprising prop-
erties of the matrix including the physical stability of pelleted MBG in
apolar solvents. Under the most appropriate conditions, the matrix fully
retained the surfactant, gelatin, water, and enzyme components.

Quellet et al. (38) reported on the basis of light and X-ray-scattering
data that the spherical shape of the microemulsion droplet in gelatin-free
dispersion is maintained in the gel. The polymer initially occupies the
microdroplet until a critical concentration is reached above which the gela-
tin molecules link the droplets together through the oil to form a continu-
ous aggregate of droplets where gel exhibits high electrical conductivity.

The organogel structure is sensitive to the surfactant and gelatin con-
centration, water content, added salts, and nature of the oil used as the
continuous phase. Organogel structure is sensitive to the composition of
both the dispersed and continuous phases (34).

The change from gel to fluid or two-phase behavior occurs at the gela-
tin helix coil transition temperature. The phase separation is similar to the
upper temperature phase transition of additive-free microemulsion, but
the process is modified owing to the presence of gelatin, which fixes the
upper temperature phase boundary of the gelatin melting temperature,
essentially independent of W,

Factors Influencing Organogels

Polar solvents that can directly participate in noncovalent solvent-
protein interaction and replace or remove water are more highly deactivat-
ing than low-polarity organic solvents such as hydrocarbon, which do not
replace water and have a low capacity for stripping essential water (29,39).

Oil influences the gelation process and nature of the finally formed
MBG. The nature of hydrocarbon oil used in organogel formation has an
important influence on gel stability. Oils with a lower molecular volume
than heptane, such as cyclohexane, which has a better solvate ability and
penetrates the surfactant tail groups, promote the discrete microemulsion
droplet structure at the expense of gelation (4,29).
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As the alkane chain length of solvent increases, the initial rate of the
reaction decreases. Higher activity can be obtained when branched and
cyclic hydrocarbon, such as isooctane and cyclohexane, are used rather
than the n-alkanes (29).

The molar ratio of water to surfactant is known as the “R” value. It is
a key parameter because it relates both the size of the microemulsion drop-
lets and the activity of the water present in the core. Phase stability studies
have shown that transparent, single-phase organogel can be prepared over
a range of intermediate R value of 30-60 with 14% (w/v) gelatin and
0.4 mol/dm? of AOT (29,34). This system offers relatively high condensa-
tion activity and good physical stability.

Atlow R values most of the water molecules in the microemulsion are
tightly bound to the sulfonate groups and the sodium ions and, hence, are
unavailable for the metal alkoxide hydrolysis reaction. Organogels with
R values higher than 60 can also be formed at the cost of its optical trans-
parency. However, this can be overcome by keeping the water concentra-
tion constant and decreasing the surfactant concentration (31,34).

Phase stability studies indicate that the presence of a small amount of
gelatin changes the shape and extent of the single-phase microemulsion
region with respect to temperature (34).

Optically transparent organogels are generally only obtained at gela-
tin concentrations higher than 10% (w/v). At low gelatin concentration
(<7% [w/Vv]), the initial reaction rate is higher compared with that of high
gelatin concentration (>10% [w/v]). However, the physical stability of the
MBGs is affected by lower gelatin concentration, resulting in glutinous gel
and finally disintegration, after prolonged contact with the external sub-
strate/oil phase. By contrast, the composition of gel at higher gelatin con-
tentremains extremely stable and physically rigid and maintains structural
integrity for longer periods in contact with the external reaction medium.
A gelatin concentration of 15% (w/v) effectively denotes the upper gelatin
limit in organogel formation of R = 66.5. The limiting factor in these gel
systems is the solubility of gelatin in water (34).

The synthetic activity of MBGs is adversely affected by the formation
and retention of the water coproduct. This can be taken care of by selective
removal of water using a concentrated solution of dry reverse micelles (31).

The addition of salt to the system moves the upper temperature phase
boundary away from the gelatin melting temperature. This prevents
the polymer from crosslinking between droplets that aggregate near the
phase boundary in the absence of salt. Added salt also electrostatically
screens the charged group or the gelatin molecules, causing disruption of
the network structure because it is difficult for intergelatin crosslinks to be
formed (34,40).

Silica-hardened organogels are examined by Si-NMR and scanning
electron microscopy, which suggests that gelatin organizes the cavities in
a percolating network, which is then hardened by in situ polymerization of
metal alkoxides. This hardening with silica makes it impossible for the

Applied Biochemistry and Biotechnology Vol. 118, 2004



368 Madamwar and Thakar

immobilized enzyme to leak out after repeated use. Here the optical trans-
parency of the matrix is a great advantage because it permits direct spec-
troscopic observations (29,40,41).

Conclusion

Enzyme-containing microemulsion-based gels provide a novel
method for performing chemical transformations in apolar organic sol-
vents. Fairly good reports are available (1,31,33,41-43) demonstrating
immobilization of lipases in these systems with retention of activity, but
perhaps more important, it has been shown that they are of practical use in
preparative-scale synthesis (37). The system could be further improved by
hardening the gel while maintaining the advantage of the microemulsion
system.
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