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The relationship between the behaviors of c.c.lipase back-extraction and their percolation phenomena by using
AOT reverse micellar systems (RVMS) has been studied by the addition of a small amount of additives to
organic phase such as thiols and nonionic-surfactants focusing on micelle-micelle interactions. The values of
βt defined by the variation of percolation processes and back-extraction behaviors of c.c.lipase have a good
linear correlation. The hydrophobicity of additive molecules suppressing the cluster formation of reverse
micelles (high values of βt) improved the back-extraction behavior of c.c.lipase. The back-extraction fraction
and its rate of c.c.clipase are increased with decreasing of the value of hydrophilic lipophilic balance (HLB)
and increasing of the hydrophobicity per additive molecules added to reverse micellar systems (RVSM) in the
same additives concentration. 
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Introduction

The reverse micellar systems (RVMS) have a capability to
solubilize a various biomolecules such as proteins and
enzymes into the nanometer-size water pools surrounded by
a monolayer of surfactant, which can be utilized for protein
extraction and enzymatic reaction systems. Since it was
discovered that proteins could be solubilized in reverse
micelles, many researchers have studied on the protein
extraction and enzymatic reactions by using RVMS.1-12 

Among various factors, pH and ionic strength are
dominant factors for the reverse micellar extraction process.
By controlling these parameters, the extracted fraction can
be varied via variations of electrostatic, hydrophobic and
steric interactions between proteins and micelles. Unfor-
tunately, irreversible denaturation and inactivation of
solubilized enzymes owing to the nonspecific interaction
with micelles have been reported to be severe problems in
the reverse micellar systems. One more severe problem
caused by those is a notable decrease in recovered (back-
extracted) fraction and the back-extraction rate in reverse
micellar extraction processes. This is also originated from
the strong interactions between protein and micelle.

In our previous papers,13,14 we have shown that the
alcohols suppressing the formation of micellar cluster,
improved the back-extraction of BSA and cytochrome c.
Although the control of protein-micellar interactions is very
difficult operation, these works have shown that it could be
achieved by the addition of cosurfactant or other additives to
modify the micelles if the additives were properly designed.
For this reason, more simple and effective additives are

desired to be developed to modify the micelles.15 
The percolation process reflects the formation of micellar

cluster caused by the micellar-micellar interactions and it
can be easily quantified by the measurement of electrical
conductivity of the RVMS. Electrical conductivity measure-
ments have been used to assess reverse micellar cluster
formation and to probe the structural changes occurring in
such systems. Individual droplets maintain a low conduc-
tivity, while a sharp increase in electrical conductivity is
caused by the percolation phenomenon, well demonstrating
the micellar-micellar interactions. It is generally accepted
that the variation of the conductivity during percolation
precesses in AOT-RVMS with a spherical droplet structure is
a result of reverse micellar droplet clustering. The perco-
lation threshold can be also varied by the addition of some
molecules, but its effect has not been clearly understood yet.

In the present study, the behavior on back-extraction and
their percolation phenomena of c.c.lipase by using AOT-
RVMS has been studied to focus on the formation of
micellar cluster via protein-micelle interactions. And the
relationship between the behaviors of c.c.lipase back-
extraction and their percolation phenomena has been studied
by the addition of a small amount of co-surfactants such as
thiols and nonionic surfactants, respectively.

Experimental Section

Materials. AOT(sodium di[2-ethylhexyl] sulfosuccinate)
of purity 95% was purchased from Tokyo Kasei and used
without further purification. C.c.lipase (MW = 53 kDa, pI =
4.3) was purchased from Sigma. Ethanethiol (EtSH), 1-
propanethiol (PrSH), 1-butanethiol (BuSH), 1-pentanethiol
(PenSH), 1-hexanethiol (HexSH), 1-heptanethiol (HepSH),
1,2-ethanedithiol (Et(SH)2), 1,3-propanedithiol (Pr(SH)2),
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1,4-butanedithiol (Bu(SH)2), 1,5-pentanedithiol (Pen(SH)2)
and 1,6-hexanedithiol (Hex(SH)2) were purchased from
Aldrich. Span85 was purchased from miyuchemical and
PNEs (EO = 3, 5, 10, 20 mol) were purchased from
Dongnam Chemical Industries LTD. 

Methods. Percolation processes: The conductivity of
RVMS was measured as a function of water content (φaq)
with a conductivity meter CM-40V (TOA Electronics Ltd.,
Tokyo, Japan) and a platinum electrode. The electrode was
inserted into the test tube containing the reverse micellar
solution and the tube was placed in a thermostated water
bath (25 ± 0.1 oC). Electrical conductivity measurements
were performed with dropwise addition of an aqueous phase
to AOT/isooctane or AOT-additive/isooctane solution until
the percolation phenomenon was observed. 

Back-extraction of c.c.lipase: The c.c.lipase was solubi-
lized into AOT/isooctane solution by the injection method
following the description in the previous paper. The buffer
solution containing the c.c.lipase (10 mM) was injected into
AOT/isooctane solution (200 mM AOT/isooctane, Wo = 20)
and the mixture as shaken vigorously until a clear solution
was obtained. Back-extraction of the c.c.lipase from the
reverse micelles was carried out by contacting the protein
containing reverse micellar solution with buffer solution
(pHaq) containing 0.1 M KCl for 3 hours reached an
equilibrium state. Similar experiments were also carried out
for AOT-additive mixed RVMS. The c.c.lipase back-
extraction behavior depends on the pH value in the feed
solution injected into reverse micelles, pHinj. The c.c.lipase
concentrations were determined by spectrophotometer (UV-
1600A, Shimadzu) at 280 nm. 

Results and Discussion
 
Effect of additive solubilization on the percolation

processes of the AOT RVMSs. The percolation phenom-
enon of reverse micelles is changed by the solubilization of
various materials (i.e. enzyme, protein and polymer). The
percolation processes are effective for the evaluation of the
micelle-micelle interactions.16-18 A sharp increase in electrical
conductivity caused by the percolation process demonstrates
well the existence of the strong micellar-micellar interaction
inducing a micellar clustering. It is generally accepted that
percolation in AOT-RVMS with a spherical droplet structure
is a result of reverse micellar droplet clustering.18 The
variation of the electrical conductivity of the AOT reverse
micellar solution is plotted in Figure 1 against the volume
fraction of water in the organic phase, aq. In the case of
thiols and spans solubilized into the RVMS, the electrical
percolation threshold (φT) is increased with solubilizing
thiols and spans into the reverse micelles. This result
indicates an increase in the attractive interaction between
micelles as thiols and spans solubilized into the RVMS. In
contrast, for the RVMS solubilized PNEs, the percolation
threshold (φT) was decreased in the lower value of φaq than
that of the additive-free system. These results suggest that
the micelle-micelle interactions are notably influenced by

the additive species and concentration solubilized into the
reverse micelles. Proteins19,20 and additives17,21,22 in reverse
micelles has been studied by several authors. There are
indications that cytochrome c interacts with the AOT
surfactant layer. Therefore, the cytochrome c-micelle (electro-
static attractive) interactions seem to decrease the stability of
RVMS by decreasing electrostatic repulsive interaction
between micelles.19 The formation of micellar clusters
shows a larger hydrophobic attraction than an electrostatic
repulsive force between the micelles.

The difference, ∆φt(=φT-φP), means the effect of the thiols,
spans and PNEs concentration on the percolation process.
Here, φT and φP are the values of the percolation threshold
with and without thiols, spans and PNEs, respectively. The
relationship between relative percolation thresholds and
added thiols concentrations is also examined. ∆φt is plotted
against the thiol concentration added in the reverse micellar
solution in Figure 2. There is a linear correlation between βt

and the concentration of each thiol. The slope, βt, is a
measure of the effect of thiol addition on the micellar-

Figure 1. Variation of the percolation process of RVMS (AOT 200
mM) with and without thiols, and nonionic surfactants. 

Figure 2. Effect of additives, thiols on percolation process of
RVMS. 
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micellar interaction. The value of βt means the stability of
RVMS or ability of water solubility with the addition of
thiols. A positive value of βt means the stabilization of
RVMS or the decrease of micellar-micellar interactions with
the addition of thiols to RVMS. We have examined the effect
of thiols on the micellar-micellar interaction using a perco-
lation processes of RVMS and found that variation in these
effects can be explained by the additive contribution of each
constituent group of the thiol; the hydrocarbon (CH) group
makes a suppressive contribution and the hydrosulfon (SH)
group contributes expeditiously to the effect. We have
quantitatively evaluated these cosurfactant effects on the
micellar-micellar interaction of RVMS (or micellar cluster-
ing) as values of βt.

The relationship between the relative percolation thresh-
olds and added nonionic-cosurfactant concentrations is also
examined. ∆Ψp is plotted against the nonionic-cosurfactant

concentration added in the reverse micellar solution in
Figure 3. There is a linear correlation between ∆φp and the
concentration of each nonionic-cosurfactant. The slope, βt, is
a measure of the effect of nonionic-cosurfactant addition on
the micellar-micellar interaction. We found that variation in
these effects can be explained by the additive contribution of
each constituent group of the nonionic-cosurfactant.

The βt values for various thiols and nonionic-surfactant are
plotted against the values of log P and HLB in Figure 4 and
Figure 5, respectively. 

It shows that the βt values are increased with increasing the
values of log P and decreasing the values of HLB. The βt

values are increased with increasing the hydrophobicity of
nonionic-surfactants. This is suggesting that the hydro-
phobicity of additive molecules is a key factor and respon-

Figure 3. Effect of PNE concentration on the percolation behaviors
of CAB.

Figure 5. Correlation between the value of HLB and βt of PNEs
and Span85.

Figure 4. Correlation between the value of log P and βt of thiols.
Figure 6. Effect of thiols addition on the back-extraction fractions
of c.c.lipase.
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sible for their effect on the suppression of the micellar-
micellar interactions inducing micellar clustering.

Effect of additives addition on the back-extracted
fraction and its rates of the c.c.lipase. We have examined
the back-extraction of c.c.lipase using various additives at
low ionic strength conditions ([KCl] = 0.1 M). Figure 6 and
Figure 7 show the effects of various thiols and nonionic
surfactants on the back-extracted fraction of c.c.lipase,
respectively. The back-extracted fraction of c.c.lipase varies
with the addition of a small amount of thiols and nonionic
surfactants. Especially, the back-extracted fraction of c.c.lipase
is increased with addition of Span85 to almost 100% of
back-extracted fraction. This result suggests that the back-
extraction behaviors can be improved by a small amount of
Span85 and thiols. However, PNE with 5, 15, 20 mol have an
effect of reducing the back-extraction fraction. It shows that

the increasing βt value promotes the back-extraction of
c.c.lipase. 

Figure 8 shows the effect of additives addition on the time
course of the back-extracted fraction of c.c.lipase. There is a
clear difference depending on the species of additives added
to RVMS. For example, in the case of the addition of PNEEO

10 mol, the back-extraction rate is reduced greatly. Whereas
in the addition of HepSH or Span85, the back-extraction
rates are accelerated remarkably. This is an interesting result
indicating the possibility that the protein back-extraction
process can be regulated by a small amount of additives
addition to RVMS. It is considered that these variations of
the back-extraction behaviors can be induced by the
cosurfactant effect on the micellar-micellar interaction and
c.c.lipase-micellar interaction.

Analysis of c.c.lipase back-extraction process in the
Additives mediated AOT/isooctane RVMS. We have
examined the relationship between the c.c.lipase back-
extraction and the percolation behaviors. The rate constant
of back-extraction (K) is plotted against the variation of
percolation processes (βt) at the each same additives
concentration in Figure 9. 

It shows that the increasing βt value promotes the back-
extraction rate constant, K. In other word, the decreasing of

Figure 7. Effect of nonion surfactants addition on the back-
extraction fractions of c.c.lipase for AOT (0.1 M)-RVMS.

Figure 8. Time course of the back-extracted fraction of c.c.lipase
for the AOT/Additives-RVMSs (Salt concentration in stripping
aqueous solution is 0.1 M). 

Figure 9. Correlation between the percolation processes (βt) and
the rate constant of back-extraction (K) of c.c.lipase.
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the micellar-micellar interaction accelerates the c.c.lipase
back-extraction rate, explaining the role of additives to the
back-extraction process of c.c.lipase in RVMS. We are
considering that the reverse micelle system property is
changed by addition of additives, affecting the micellar-
micellar and c.c.lipase- micellar interactions. 

Conclusion

The values of βt defined by the variation of percolation
processes and back-extraction behaviors of c.c.lipase have
good a linear correlation.

Addition of a small amounts of thiols and nonionic
surfactants in an organic solution suppressed the cluster
formation of reverse micelles, improved the back-extraction
fraction of c.c.lipase. 

The rate of back-extraction of c.c.lipase is increased with
decreasing of the value of hydrophilic lipophilic balance
(HLB) and increasing of the hydrophobicity per additives
molecule added to RVSM in same additives concentration. 
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