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Abstract
The reverse micelles have been used for extraction
and purification of proteins and enzymes in down-
stream processing. In this study a simple complexation
model was developed for protein extraction using
reverse micelles. We assumed that the size of protein-
reverse micelle complex is a function of net charge of
protein and salt concentration. The model has been
applied to correlate the experimental data for reverse
micellar extraction of bovine serum albumin (BSA) and
lysozyme. The solutions of reverse micelles for extrac-
tion of BSA and lysozyme were composed of
cetyltrimethylammonium bromide (CTAB), a cationic
surfactant, and sodium bis(2-ethylhexyl) phosphate
(NaDEHP), an anionic surfactant, respectively.
Moreover, the effects of surfactant concentration, pH
of aqueous phase, and salt concentration were inves-
tigated. In comparison with experiment the results of
the model for both systems are in very good agree-
ment.
Keywords: Extraction, Modeling, Reverse micelle,
Bioseparation, BSA, Lysozyme

INTRODUCTION

Reverse micelles are aggregates of surfactant mole-
cules containing the microscopic polar cores of solubi-
lized water, called water pools. These structures are
thermodynamically stable, and have ability to solubi-
lize many different hydrophilic components such as
proteins, enzymes and amino acids within their water
pools. Luisi and co-workers were the first group that

they used reverse micelles for extraction, separation
and purification of proteins (Luisi et al., 1979; Meier
et al., 1984 and Luisi et al., 1988). Hatton and co-
workers used the reverse micelles for extraction of
proteins in large scale (Goklen and Hatton, 1985 and
Hatton, 1989) and they carried out this process for the
selective separation of proteins from the broth mix-
tures (Goklen and Hatton, 1987; Comarinha and Aires-
Barros, 1990; Aires-Barros and Cabral, 1991). In addi-
tion, the reverse micelles are suitable for hosting enzy-
matic reactions; especially those systems involve diffi-
culty to solubilize substrates or require low water con-
tent (Luisi et al., 1988; Khmelnitsky et al., 1992;
Oldfield, 1994 and Aires-Barros et al., 1997). 

The thermodynamic modeling of revere micellar
systems allows one to correlate and predict the phase
equilibria in such systems and to design down stream
bio-processes. Although the reverse micellar systems
were recognized for separation and purification of bio-
molecules for more than two decades; however due to
complexity and misunderstanding of interactions
among various species in such solutions, the thermo-
dynamic models are scarce in compare to the ordinary
vapor-liquid or liquid-liquid equilibria systems.

So far several thermodynamic models have been
presented for partitioning of protein between organic
reverse micellar solution and aqueous phase. Based on
the classification presented (Haghtalab and Osfouri,
2003), there are three categories for thermodynamic
models: Gibbs free energy models, mass action mod-
els, and adsorption models. In the first category, the
authors tended to express the partitioning of protein by
using Gibbs free energy of protein partitioning and
microstructure parameters of reverse micelles (Bratko
et al., 1988 and Bruno et al., 1990). The thermody-
namic models in the second group were presented
based on mass action principle (Woll and Hatton,
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1989; Rabie and Vera 1998; Ashrafizadeh and
Khoshkbarchi, 1998). In these models, the partitioning
of protein was attributed to the ion exchange reaction
between protein and surfactant molecules or pseudo-
chemical complexation reaction between them. In the
last group, the reverse micelles were considered as
active sites that are able to adsorb protein molecules
(Brandani, 1994). Recently, this method was improved
using a combination of adsorption approach with
vacancy solution theory (Haghtalab and Osfouri,
2003).

MATERIALS AND METHODS

Most studies of reverse micellar systems have used
Aerosol-OT, an anionic surfactant (Aires-Barros and
Cabral, 1991; Andrews et al., 1994; Nishiki et al.,
1998) and TOMAC, a cationic surfactant, to extract
low molecular weight proteins (Dekker et al., 1986;
Brandani et al., 1993). In this study, we used the data
of partitioning of BSA (MW=68000 Da, pI=4.7) and
lysozyme (14000 Da, pI 11) between aqueous and
reverse micellar phases which were formed with
cetyltrimethylammonium bromide (CTAB), a cationic
surfactant, and sodium bis (2-ethylhexyl) phosphate
(NaDEHP), an anionic surfactant, respectively.
Because the extraction of proteins with ionic surfac-
tant is mainly due to electrostatic interactions, we car-
ried out the influence of pH, ionic strength, and sur-
factant concentration on the partitioning behavior of
these proteins in Winsor type II system.

Lysozyme (14000 Da, pI 11) from egg white, and
bis (2-ethylhexyl) phosphate, were purchased from
Merck. Bovine serum albumin (68000 Da, pI 4.7) was
purchased from BDH Company.  

Cetyltrimethylammonium bromide (CTAB), Karl-
Fischer solution with titration ratio 5-6 mg H2O/ml
Karl-Fisher, and dried methanol for titration were
obtained from Fluka. The others chemicals such as sol-
vent, cosolvent and salts were all commercially avail-
able reagents of analytical grade.

To carry out the partitioning of protein between
aqueous phase and reverse micellar phase, it is neces-
sary to prepare the reverse micellar solution. To neu-
tralize HDEHP in isooctane, the organic phase was
mixed with the same volume of aqueous phase, con-
taining equal molar concentration of NaOH and 0.2 M
NaCl. To prevent the formation of the third phase and
to facilitate the reverse micelle formation, the tributyl
phosphate (TBP) with 0.2 (M) concentration, was
added to the organic solution. The pH of the aqueous

phase was adjusted to 7.5 by adding 0.1 M NaOH and
0.1 M HCl aqueous solution. After neutralization, the
upper phase was separated carefully and used as the
stock solution of reverse micelles. In the case of
cationic surfactant, CTAB, we add surfactant to organ-
ic solvent, Isooctane- 1-hexanol (9/1 v/v), while we
add required amount of water as water pool to form
reverse micellar solution.

Equal volumes of the reverse micellar and aqueous
phases, containing protein, were brought into contact
in the glass test tubes to solubilize protein in the
reverse micelles. To accelerate the partitioning of pro-
tein between reverse micellar phase and aqueous
phase, the mixture was shaken for 3 min. To reach a
clear phase interface between two aqueous and reverse
micellar phases, the mixture was centrifuged at 2500
rpm for 5 min. Subsequently; the test tubes were
placed in the refrigerated thermostat bath at 298.15 K
for 6 and 16h for lysozyme and BSA, respectively.
Finally, the two equilibrium phases were separated
carefully and the required analyses were performed.

The water content in the reverse micelles was meas-
ured using Karl-Fischer titrator 758 (Metrohm, Ltd.,
Herisau, Switzerland). The pH of the aqueous phase
was monitored by a model 744-pH meter (Metrohm,
Ltd). The protein concentration of aqueous solution
was determined by measuring the absorbency at 280
(nm) using a UV/VIS spectrophotometer (Shimadzu
1201). The protein content in the reverse micelles was
computed by mass balance calculation. The blank
experiments were performed simultaneously with
aqueous phase containing no protein. 

Modeling
Surfactant molecules in organic solvent are in equilib-
rium with reverse micelles. One may assume that sur-
factant molecules and organic solvent are insoluble in
aqueous phase. So, one may write the equilibrium as a
reversible reaction:

(1)  

where m, S and RM are aggregation number, surfactant
molecule and reverse micelle, respectively. The equi-
librium constant for this reaction is written as follow-
ing:

(2)

where the bracket indicates the concentration of each
species.

Similar to the work of Woll and Hatton ((1989), we
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assume that partitioning of protein between two phas-
es is due to a complexation reaction between protein
molecule and reverse micelles:

(3)         

where PRM is protein–reverse micelle complex. The
equilibrium constant for this complexation reaction is
presented as:

(4)

The size of a protein molecule causes to restructure the
solution, so the reverse micelles may fuse and
rearrange themselves. This rearrangement is the result
of interactions between charged proteins and polar
head groups of surfactant. Thus, “n” indicates the
number of initial reverse micelles, which rearrange to
form a bigger reverse micelle after loading of protein.
In the second step, to take into account the electrostat-
ic interactions and size exclusion effect, we assume
that “n” is in linear proportion to the charge of protein
and salt concentration without any cross effect:

(5)

where n0 is an indication of the degree of rearrange-
ment of empty reverse micelles needed to solubilize a
molecule of protein with zero net charge and salt-free
solution, Z is the net charge number of the protein,
which varies in respect to pH of the aqueous solution.
α and   β are the two adjustable parameters.

The overall percent extraction of protein in respect
to aqueous solution is calculated as:

(6)

where [P0
aq] and [Paq] are the initial and equilibrium

protein concentration in aqueous phase, respectively.
The mass balance for protein is written as following:

(7) 

where r is the volumetric ratio of reverse micellar
phase to aqueous phase Vrm/Vaq. Since the protein sol-
ubilization in reverse micellar phase is due to protein
entrapment in empty reverse micelles to produce pro-
tein-reverse micelle complex, thus, the molar concen-
tration of protein in reverse micellar phase,[Prm], is the
same as the concentration of protein-reverse micellar
complex, [PRM]. By combining eqs. (2), (4), (6), and
(7) result in,

(8) 

where this equation presents the final percent extrac-
tion of protein, so one can observe that we have two
equilibrium constants as adjustable parameters with
two unknown numbers “m” and “n”. Thus, for corre-
lating of the experimental data one should adjust two
equilibrium constants, “m”, and the three other param-
eters, n0, α , and β as presented in eq. (5).

RESULTS

The adjustable parameters of the model were evaluat-
ed by least-squares fitting procedure utilizing the
Marquardt optimization program (Chandler, 1985) for
minimizing the following objective function:

(9)          

where N is the number of data points and the super-
scripts “Exp” and  “Cal” are denoted as experimental
data and calculated values, respectively. Table 1 shows
the results of optimization of eq. (9). So, as one can see
the six parameters are optimized globally for the whole
range of surfactant concentration, pH of aqueous solu-
tion, and salt concentration. The net charges of pro-
teins against pH were calculated using protein titration
curve that is presented in figure 1 (Haghtalab et al.,
2003).

Figures 2-a and 2-b show the extraction percent of
lysozyme and BSA, respectively, with respect to the
pH of initial aqueous phase. The solid lines are the
results of the model and the symbol shows the experi-
mental data. The effect of salt concentration on the
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Table 1. The values of optimized parameters for extraction of BSA
and lysozyme using the surfactant of CTAB and NaDEHP, respec-
tively.



extraction percent of proteins is shown in figure 3. The
agreement of the results of the model with experimen-
tal data is very good. The experimental measurements
of water in reverse micelles showed that when the
NaCl concentration in aqueous phase was increased
from 0.35 (M) to 2 (M), the mass percent of water in
NaDEHP reverse micellar phase was decreased from
4.62% to 2.29%, respectively. The reduction of water
content was observed for CTAB reverse micellar sys-
tem by increasing concentration of KCl. Figure 4
shows the extraction percent of protein with respect to
the surfactant concentration. Similar to the previous
figures, the solid lines are the results of the model and
the symbol shows the experimental data. The results
show that the extraction percent was enhanced with
increasing surfactant concentration. At the surfactant
concentration of 40 (mM), Due to high local concen-
tration of salt inside the reverse micelles, denaturation
of lysozyme was observed. To see accuracy of the

present model, the mean relative error for each system
was calculated as,

(10)

The mean relative errors are 2.3 and 3.1 percent for
Lysozyme-NaDEHP and BSA-CTAB systems, respec-
tively.

DISCUSSION

A very good agreement between the experiment and
calculated results was observed by comparing the
experimental data of both reverse micellar systems
with the results of the present model. The results have
clearly shown that the solubilization process depends
on the pH of aqueous solution. As shown in figure 2,
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Figure 1. The titration curves of proteins: (a) lysozyme, and (b) BSA.

Figure 2. Effect of pH on the extraction percent of proteins: (a) lysozyme with initial reverse micellar phase,
0.1 (M) NaDEHP, 0.2 (M) TBP; initial aqueous phase, 0.5 (g/l) protein, 1 (M) NaCl; and (b) BSA with ini-
tial reverse micellar phase: 0.02 (M) CTAB; initial aqueous phase, 1 (g/l) protein, 0.1 (M) KCl.



the extraction percent of lysozyme was enhanced by
varying pH below its isoelectric point. However,
above isoelectric point of BSA the extraction percent
increases. This result confirms that the protein extrac-
tion is mainly due to the electrostatic interaction
between charged amino acid residues on the protein
molecule and the polar head groups of surfactant. The
negative sign of α  in the model may interpret as less-
er fusion of reverse micelles, i.e., the electrostatic
interactions between charged protein molecule and
polar head groups of surfactant are intensified. 

Increasing salt concentration leads to better shield-
ing of electrostatic interactions between the surfactant
head groups resulting in smaller reverse micelles. In
addition, as shown in figure 3 due to increasing the
size exclusion effect; the water content reductions jus-
tify the reduction of the extraction rate of proteins. On

the other hand, the positive sign of β in the model
shows that the reverse micelles are shrinkaged, so “n”
should be increased for solubilization a certain protein.
The result presented in figure 4 showed that another
factor affecting protein solubilization was the concen-
tration of the surfactant, so the model was able to cor-
relate the effect of this parameter on protein partition-
ing.

CONCLUSION

A simple complexation model was developed for
extraction of protein from aqueous phase using reverse
micellar solution. The results show that the model is
capable to correlate the partitioning of protein between
two liquid equilibrium phases. Moreover, the model
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Figure 3. Effect of salt concentration on the extraction percent of proteins: (a) lysozyme with initial
reverse micellar phase, 0.1 (M) NaDEHP, 0.2 (M) TBP; initial aqueous phase, 0.5 (g/l) protein, pH=7;
and (b) BSA with initial reverse micellar phase: 0.02 (M) CTAB; initial aqueous phase, 1 (g/l) protein,
pH=9.

Figure 4. Effect of surfactant concentration on the extraction percent of proteins: (a) lysozyme with
initial reverse micellar phase, 0.2 (M) TBP, initial aqueous phase, 0.5 (g/l) protein, pH=7, 1 (M)
NaCl; and (b) BSA with initial aqueous phase, 1 (g/l) protein, pH=9, 0.1 (M) KCl.



can be used to correlate the extraction percent of pro-
tein in reverse micellar systems by varying some
parameters such as surfactant concentration, pH of
aqueous phase, and salt concentration. The optimiza-
tion was performed globally for the data of each
reverse micellar system at various variables, so the
adjustable parameters are valid for the whole range of
operating conditions. In addition to the accuracy of the
model, the experiments showed that both reverse
micellar solutions, forming with CTAB and NaDEHP,
are suitable for extraction of BSA and lysozyme,
respectively.
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List of symbols

BSA Bovine serum albumin protein
CTAB Cetyltrimethylammonium bromide
E Extraction percent of protein from initial 

aqueous phase
NaDEHP Sodium bis(2-ethylhexyl) phosphate 
KPRM Equilibrium constant of reaction (3)
KRM Equilibrium constant of reaction (1)
N Number of data points
P Protein molecule
PRM Protein-reverse micelle complex
RM Reverse micelle structure
S Surfactant molecule
TBP Tributyl phosphate 
Z Net charge of protein
[i] Molar concentration of species “i”
m aggregation number, eq. (1)
n Number of reverse micelle, eq. (3)
n0 n at zero net charge of protein and zero 

salt concentration, eq (5)
Vr Volumetric ratio of reverse micellar 

phase to aqueous phase

Greek letters
α Constant in eq. (5)
β Constant in eq. (5)

Superscript
aq Aqueous phase
Cal Calculated
Exp Experimental
rm Reverse micellar phase

Subscript
0 Initial state (concentration)
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