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Selective Reverse Micellar Extraction of Three
Proteins from Filtered Fermentation Broth Using
Response Surface Methodology

SOMNUK JARUDILOKKUL, LUDGER H. POPPENBORG, and
DAVID C. STUCKEY*
DEPARTMENT OF CHEMICAL ENGINEERING AND CHEMICAL TECHNOLOGY

IMPERIAL COLLEGE OF SCIENCE, TECHNOLOGY AND MEDICINE

PRINCE CONSORT ROAD, LONDON SW7 2BY, UK

ABSTRACT

The influence of three system parameters [bis(2-ethylhexyl)sulfosuccinate (AOT)
concentration, pH, and temperature] on the selective separation of cytochrome c,
lysozyme, and ribonuclease A from buffer solution and a filtered fermentation broth
was examined. It was found that a minimal AOT concentration exists for �90% ex-
traction from a buffer solution, and this concentration depends on the pH of solution
and hydrophobicity of the protein. Extraction from filtered broth resulted in a reduc-
tion of the minimal concentration for both cytochrome c and lysozyme, while for ri-
bonuclease A it was unchanged. It appears that certain broth constituents act as co-
surfactants and reduce the charge repulsion between the surfactant headgroups
leading to smaller micelles. This is turn led to a reduction in the pH range, although
extraction yields were unaltered. The water content (W0) was measured in a reverse
micellar phase in contact with buffer, filtered fermentation broth, and molecular
weight fractionated or extracted broth. This data led to the conclusion that the broth
constituents responsible for changes in the minimal AOT concentration and W0 were
low molecular weight positively charged amino acids and phospholipids. Finally, re-
sponse surface methodology was used to optimize key system parameters in order to
maximize protein extraction, and this technique minimizes the experiments required.
By using these optimized conditions, a mixture of the three proteins could be recov-
ered from a filtered broth with high yields (70–97%) and high purity. Furthermore, the
initial protein concentration was found not to influence protein recovery.

Key Words. Reverse micelles; Extraction; Selectivity; Proteins; Fermenta-
tion broth
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ORDER                        REPRINTS

INTRODUCTION

In biotechnology the desired products are usually present at very low con-
centrations in a complex biomedium such as a fermentation broth. This makes
product separation difficult, and since downstream separation is usually the
dominant cost for most products, improving separation has considerable eco-
nomic benefits. Many techniques have been developed in biotechnology to
achieve a highly efficient and economical separation process. One novel sep-
aration technique with the ability to be scaled up easily, to be operated con-
tinuously, and to be highly selective is liquid–liquid extraction using reverse
micelles.

The ability of reverse micelle (RM) systems to selectively extract a target
protein from a mixture is not fully understand yet, but is known to be influ-
enced by a number of factors, particularly pH, salt type and concentration, sol-
vent type, temperature, surfactant type and concentration, and the incorpora-
tion of bioaffinity ligands (3, 9). Understanding the role of these system
properties and using this knowledge to enhance selectivity is crucial if this
technique is to be used at an industrial scale. Selective solubilization of pro-
teins into a reverse micellar phase has only been addressed by a few re-
searchers. Göklen and Hatton (3) demonstrated that the separation of a single
protein from a simple synthetic protein mixture can be accomplished rela-
tively easily. Woll and Hatton (22) separated ribonuclease A from concan-
valin A, while Aires-Barros and Cabral (1) were able to separate a crude mix-
ture of two lipases in buffer solution. Furthermore, Rahaman et al. (18)
showed that a reverse micellar phase can selectively extract alkaline protease
from whole fermentation broth. Recently, Krei and Hustedt (11) extracted �-
amylase from a complex fermentation medium. However, there were many
problems encountered in these studies, in particular low extraction yields and
severe emulsion formation, and a number of key system variables have not
been investigated in much depth. In addition, in all this work there was little
or no attempt to compare the selective separation of proteins from model
buffer solutions and real fermentation broths to determine if broth constituents
had a significant influence on extraction behavior and yield, and if so, which
component, and why did it influence the extraction. This information is vital
for the scale-up of RM systems. Therefore, in order to improve protein selec-
tivity and RM scale-up, a number of important system parameters, such as sur-
factant concentration and temperature, still need to be studied.

Due to the number of variables involved in these experiments, factorial ex-
perimental design would lead to an unworkably large number of experiments.
Hence, a more suitable experimental design is required, and response surface
methodology is a suitable technique (10). This technique has been used for the
development of optimized media composition, or operating conditions to
maximize the bioproduct such as in the production of lipid (17) and the growth
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ORDER                        REPRINTS

of yeast (21). In the case of reverse micelles, the method has been used to op-
timize the enzymatic synthesis of peptides (8) and the recovery of horseradish
peroxidase (19).

In this study, factors influencing the selective solubilization of cy-
tochrome c, lysozyme, and ribonuclease A from a buffer solution and a fil-
tered fermentation broth were studied and compared. These proteins were
chosen due to their similar molecular weights (MW), thus resulting in a chal-
lenging separation. The specific effects of surfactant concentration, pH, tem-
perature and initial protein concentration on selectivity were investigated. A
response surface methodology (RSM) was used to optimize the variation in
system parameters to maximize protein recovery. In addition, the effect of
fermentation broth constituents on the water content of reverse micelles was
also investigated in order to gain greater insights into the effect of broth on
reverse micelle extraction.

MATERIALS AND METHODS

Bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT), 2,2,4-trimethylpen-
tane (isooctane), lysozyme (pI 11; 14,300 Da), ribonuclease A type IAS (pI
7.8; 13,700 Da) and cytochrome c (pI 10.6; 12,348 Da) were purchased from
Sigma (Poole, UK). Sodium chloride and sodium phosphate (dibasic and
monobasic) were Anal-R grade from Merck (Dorset, UK), while trioctyl-
methylammonium chloride (TOMAC) was obtained from Aldrich (Dorset,
UK). Filtered fermentation broth (kindly provided by N. Beaumont, Imperial
College, London, UK) was taken from an E. coli batch culture which was
grown aerobically in LB medium supplemented with 50 mg/L ampicillin at
37°C for 24 hours. The broth before fermentation had the following main con-
stituents (% w/w): lipid � 0.01, total N 1.79, amino N 0.61, glutamic acid
2.03, proline 0.80, leucine 0.82, arginine 0.13, and phenylalanine 0.44 (23).
The broth had a salt content of 0.1 M NaCl, a pH of 9.0, and was filtered
through a hollow fiber membrane (MW cutoff � 100 kDa). All other chemi-
cals were purchased from Sigma and were of analytical grade.

Extraction Procedures

Forward Extraction

All forward extractions were performed by contacting equal volumes (typ-
ically 750 �L) of aqueous and organic solutions in a 1.5-mL test tube. The
organic solution always consisted of 2.5–50 mM anionic surfactant AOT in
isooctane. Extraction equilibrium was achieved by rotary inversion at 50
rpm for 30 minutes. Samples were then centrifuged at 3000 rpm for 5 min-
utes to separate the phases, and the organic phase was then analyzed spec-
trophotometrically. All data from these experiments are based on duplicate
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ORDER                        REPRINTS

samples. The coefficient of variation for the total forward extraction process
was �2%.

Forward Extraction of a Single Protein in Buffer. In all cases, 1
g/L cytochrome c, 1 g/L lysozyme, or 2.5 g/L ribonuclease A solutions
were dissolved in a mixture of 80% 0.1 M NaCl and 20% of 0.1 M buffer
solution, resulting in a solution with 0.1 M Na�-ions. The buffer solutions
were acetate buffer (pH 3–5), phosphate buffer (pH 6–8), and carbonate
buffer (pH 9–12).

Forward Extraction of a Single Protein Dissolved in Filtered
Fermentation Broth. One type of protein (cytochrome c, lysozyme, or ri-
bonuclease A) was dissolved in the broth at the same concentration as in the
buffer system. Then the pH of the protein solution was adjusted to the required
pH (pH 3–12) using 0.1 M HCl or 0.1 M NaOH. Filtered broth without addi-
tional protein was also contacted with the organic phase, and the organic phase
remaining after equilibrium was used as a blank.

Forward Extraction of Binary and Ternary Protein Mixtures: Ef-
fect of Initial Concentration. For the binary protein mixture consisting
of cytochrome c and ribonuclease A, the total protein concentration was kept
constant at 4 g/L while the concentration of cytochrome c was varied (0, 1, 2,
3, and 4 g/L). The optimum extraction conditions for cytochrome c were ob-
tained from the response surface methodology (see later) and were 25 mM
AOT, pH 9, and 15°C.

The ternary protein mixture consisted of lysozyme, cytochrome c, and ri-
bonuclease A, and the total concentration was kept constant at 5 g/L. The con-
centration of ribonuclease A was kept constant at 2.5 g/L, while the concen-
trations of cytochrome c and lysozyme were varied (0, 0.5, 1.0, 1.5, 2.0, and
2.5 g/L) such that their total amounted to 2.5 g/L also.

Molecular Weight Fractionation and Solvent Extraction of
the Low Molecular Weight Components

In order to investigate the effect of broth components on the water content
in a reverse micellar phase (W0), the broth was separated into three fractions
using Amicon ultrafiltration disc membranes, YM 30 and YM 1, which were
purchased from Millipore. The fractions contained high molecular weight
components (HMW: 	30 kDa), medium molecular weight components
(MMW: 1–30 kDa), and low molecular weight components (LMW: �1 kDa).
After fractionation the salt concentration in the fractions was adjusted by
adding 0.1 M NaCl (the salt concentration in the broth) to regain the ionic
strength of the initial filtered fermentation broth. One type of protein was then
added to all the fractions which were then adjusted to the required pH of 9 for
cytochrome c and lysozyme, and 5 for ribonuclease A.
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ORDER                        REPRINTS

Hydrophobic compounds such as lipids, or negatively charged amino acid
were removed from the LMW fraction by solvent extraction with decanol, or
reactive extraction with 0.5 M TOMAC in octanol, respectively.

Backward Extraction

Lysozyme and cytochrome c were backextracted using the conventional
method with high ionic strength and a pH above the pI of the particular pro-
tein. 750 �L of the protein containing reverse micellar phase was rotary mixed
at 50 rpm with an equal volume of aqueous solution consisting of 90% KCl
solution and 10% potassium phosphate buffer at the required concentration
and pH in a 1.5 mL test tube for 30 minutes. The conditions used for lysozyme
were 2 M KCl/pH 11, and for cytochrome c were 1 M KCl/pH 10. Phase sep-
aration was achieved by centrifugation for 2 minutes at 12,000 rpm. The co-
efficient of variation for the entire process was �2%.

Ribonuclease A was backextracted by adding a counterionic surfactant
(TOMAC) (7). 650 �L of the protein containing reverse micellar phase was
contacted with 50 �L of 850 mM TOMAC in isooctane, and 700 �L of 0.1 M
phosphate buffer at pH 8, in a 1.5 mL test tube, and the vial was then mixed
by rotary inversion at 50 rpm for 5 minutes. The mixture was centrifuged at
12,000 rpm for 2 minutes to achieve phase separation. The coefficient of vari-
ation for the entire process was �2%.

Experimental Design

In order to optimize the reverse micellar extraction of a target protein from
the protein mixture, the response surface methodology (RSM) was used to
maximize extraction yield. The experiments were designed as a central com-
posite design within RSM. Table 1 shows the range of each treatment for
lysozyme, cytochrome c, and ribonuclease A separation. The data analysis
was carried out using Statistical Analysis System software (SAS Institute Inc.,
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TABLE 1
System Parameters of Protein Separation from Filtered Fermentation Broth

Forward extraction parameter

Surfactant
Protein concentration (mM) pH Temperature (°C)

Lysozyme 10.8–19.2 10.66–12.34 3.2–36.8
Cytochrome c 16.7–33.4 8.16–9.84 3.2–36.8
Ribonuclease A 43.2–72.8 4.16–5.84 3.2–36.8
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ORDER                        REPRINTS

Cary, NC), while Mathematica software was used to plot the experimental
data.

Protein Assay

The concentration of protein in the aqueous and organic phases was deter-
mined by UV absorption scanning and peak area integration using a Shimadzu
UV2101 spectrophotometer; for lysozyme and ribonuclease A at 250–300 nm,
and cytochrome c at 350–450 nm. Protein concentrations were calculated us-
ing appropriate peak areas for cytochrome c (A350–450 nm � 72.2 arbitrary units
corresponded to the concentration 1 g/L), for lysozyme (A250–300 nm � 29.4
arbitrary units corresponded to the concentration 1 g/L), and for ribonuclease
A (A250–300 nm � 4.5 arbitrary units corresponded to 1 g/L). The standard de-
viation of the measurements was �5%. Quantitative analysis of each protein
in the aqueous solution was performed by HPLC. A Zorbax 300 SB C8 col-
umn was fitted to a Shimadzu A-6 chromatography system, and UV detection
was used at 280 nm. The protein was eluted from the column with a mobile
phase consisting of 0.1% trifluoroacetic acid and acetonitrile (gradient
0–70%v/v) at a flow rate of 1.5 mL/min.

Water Detection in Solvent Phase

The water content of the reverse micellar phase was determined by Karl-
Fischer titration using a Mettler DC-37 coulometer. The reagents used were
Hydranal Coulomat A (anode reagent) and Hydranal Coulomat B (cathode
reagent) purchased from Riedel-de Haën (Seelze, Germany). 10 �L of solu-
tion was injected into the titrator at a time using a microsyringe, and the coef-
ficient of variation was �5%.

RESULTS AND DISCUSSION

Effect of AOT Concentration and pH

Single Protein Dissolved in Buffer System

The extraction yields of the three proteins, cytochrome c, lysozyme, and ri-
bonuclease A, were studied as a function of pH and AOT concentration, and
these data are shown in Fig. 1(A–C). At pH 	 pI, where the charge of the pro-
teins was the same as the surfactant, none of the proteins could be extracted.
At a pH � pl and high AOT concentrations (�25 mM), 90–100% of all the
proteins could be extracted into the reverse micellar phase. However, at very
low pH (pH 3–4), denaturation of the protein reduced the extraction yield, and
this has been noted in past work (4). With increasing AOT concentration the
yield of all proteins increased, and this agreed with the previous work by
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Ichikawa et al. (5). The AOT concentration at which 90% extraction was at-
tained was defined as the minimal AOT concentration, and from experimen-
tal data this was found to be 16, 12.5, and 18 mM/g protein for cytochrome c,
lysozyme, and ribonuclease A, respectively. These concentrations were found
to depend on the pH, and the minimal concentration given is the one measured
at the optimum pH for extraction of each protein, which was pH 10, pH 8, and
pH 5 for cytochrome c, lysozyme, and ribonuclease A, respectively. Under the

REVERSE MICELLAR EXTRACTION OF PROTEINS 509

FIG. 1 Protein extraction from a buffer solution and filtered fermentation broth. (A and D) 1
g/L cytochrome c, (B and E) 1 g/L lysozyme, (C and F) 2.5 g/L ribonuclease A with various
AOT concentrations: (�) 50 mM, (
) 45 mM, (�) 30 mM, (�) 25 mM, (�) 16 mM, (�) 12.5

mM (�) 10 mM, (�) 7 mM, (	) 5 mM, and (◊) 2.5 mM.
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ORDER                        REPRINTS

optimum conditions of pH and AOT concentration, a protein molecule is sur-
rounded by a certain amount of solubilizing water in a reverse micelle, and this
is the minimum water required for protein solubilization (5). This in turn de-
fines the minimal AOT concentration required for 	90% removal. The dif-
ference in minimum AOT concentration required for specific proteins can be
explained by the hydrophilicity of each protein. The order of elution from a
hydrophobic HPLC column showed that ribonuclease A was more hydrophilic
than cytochrome c and lysozyme (data not shown), hence for more hydrophilic
proteins there is a greater amount of water surrounding them and hence higher
minimal surfactant concentrations are required for substantial protein solubi-
lization. Imai et al. (6) also found a similar trend for the three proteins.

Single Protein Dissolved in Filtered Fermentation Broth

Figure 1(D–F) shows the extraction yield of the three proteins added to fil-
tered broth. The minimum AOT concentrations for the extraction of cy-
tochrome c, lysozyme, and ribonuclease A were 10 mM, 10 mM, and 12
mM/g protein, which were less than the minimum concentration required in
the buffer system. This lower requirement for surfactant may be due to com-
pounds likely to be found in the broth, such as hydrophobic amino acids
and/or phospholipids, acting as cosurfactants. These substances seem to re-
duce the strong repulsive ion–ion interaction between the surfactant head-
groups (11), and can result in decreases in the size, water content, and aggre-
gation number of reverse micelles (2, 12). However, the decreases observed in
the minimum AOT concentration seem to indicate that these compounds are
more influential with hydrophobic proteins (cytochrome c and lysozyme) than
with hydrophilic ones (ribonuclease A). The reasons for this are not clear at
present, but may be related to the strength of electrostatic interactions between
the protein and the charged internal surfactant interface of the reverse micelle.
The broth constituents also influenced the pH range of extraction, and this was
narrower than from the buffer. The explanation for this may also be due to cer-
tain broth constituents physically altering the reverse micelles. In order to ob-
tain more detailed information about reverse micelles in equilibrium with
broth, measurements of the water content in the organic phase in contact with
a variety of aqueous phases were carried out.

Water Content of the Reverse Micellar Phase

The water content, W0, of a reverse micellar phase is defined as the molar
ratio of water to surfactant in a reverse micellar phase. Figure 2 shows W0 val-
ues of the reverse micellar phase, with and without proteins, in equilibrium
with filtered and fractionated/extracted broth compared with buffer solution.
It appears that the presence of molecules acting as cosurfactants may have
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ORDER                        REPRINTS

caused the substantial decrease in water content in the organic phase when
contacted with the broth or certain broth fractions. However, these values
were higher than the W0 value of the reverse micelles in contact with a potas-
sium salt. The effect of many cosurfactants is to increase the curvature of the
micellar shell (16), and hence reduce its size and W0.

In order to better understand the effect of certain broth constituents on re-
verse micelle formation, the broth was fractionated into three samples. The W0

value of the reverse micellar phase equilibrated with the HMW or MMW
(RMHMW, RMMMW) fraction was found to be higher than the LMW (RMLMW)
fraction, which had the same W0 as the reverse micellar phase equilibrated
with the whole broth, RMbroth (Fig. 2-E). This implies that the reduction in W0

when in contact with the RMbroth may have been caused by LMW substances
such as phospholipids, positively charged amino acids, and simple sugars
(20). To identify the effect of each class of substances, solvent extraction of
the LMW fraction using decanol was then carried out to remove any nonpolar
constituents (H). Figure 2 shows that the absence of most of the lipids caused
a slight increase in W0 in relation to the unextracted LMW fraction. Further-
more, a substantial decrease in W0 was also noted when phospholipid was
added to the buffer solution (J and K). Moreover, the absence of negatively
charged amino acids from the LMW fraction, which were extracted into a
TOMAC solution (F), resulted in a slight decrease in W0. Finally, the addition
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FIG. 2 Effect of a variety of aqueous phases and fermentation broths on the water content of
reverse micelles with and without proteins. (A) 0.1 M Sodium salt buffer solution, (B) HMW,
(C) MMW, (D) LMW, (E) fermentation broth, (F) LMW fraction extracted by TOMAC in oc-
tanol, (G) LMW fraction extracted by AOT in isooctane, (H) LMW fraction extracted by de-
canol, (I) 0.1 M potassium salt buffer solution, (J) 1.5 g/L phosphatidylcholine added to buffer
solution, (K) 1.5 g/L phosphatidylcholine added to buffer solution extracted by decanol, (L)
1 g/L arginine added to pH 10 buffer solution, and (M) 1 g/L arginine added to pH 5 buffer

solution.
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ORDER                        REPRINTS

of a negatively charged amino acid (pH 10, arginine, L) to the buffer resulted
in a small decrease in W0, while at pH 5 (positively charged, M) resulted in a
considerably larger drop in W0. Therefore, it appears that the reduction of W0

in the organic phase when contacted with the broth was caused by the com-
bined effect of both phospholipids and positively charged amino acids.

With regard to protein selectivity, these results show that the pH of the
aqueous broth, and the AOT concentration, can potentially be manipulated in
order to extract a single target protein from a mixture into a reverse micellar
phase.

Optimizing System Conditions for Selective Separation
from a Protein Mixture in Filtered Fermentation Broth

Using RSM

Table 2 shows the optimal system conditions for each protein separation
from the statistical analysis. Figure 3(A) shows the response surface of the
predicted purity yield of lysozyme (PYL-C) as a function of the three parame-
ters at ambient temperature (20°C), 10°C, and 30°C. These results indicate
that the surface response is very sensitive to pH and temperature, which are
very significant, while the effect of AOT concentration is much less signifi-
cant. It can also be seen from these figures that the maximum PYL-C increases
with decreasing temperature. This increase in the yield may have been caused
by a reduction in the hydrophobic interaction of the two proteins (lysozyme
and cytochrome c) at low temperatures (15). Moreover, the predicted results
of cytochrome c separation, PYC-R (Fig. 3B), show the same trend as lysozyme
separation in which the effect of pH and temperature were found to be stronger
than AOT concentration. Figure 3(C) shows the response surface of the pre-
dicted ribonuclease A separation (PYR) as a function of the three parameters
at 10°C, ambient temperature, and 30°C, respectively. According to these re-
sults, the temperature did not significantly affect the estimated response,
whereas AOT concentration and pH effects were significant.
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TABLE 2
Optimal Conditions of Protein Separation from Filtered Fermentation Broth

Surfactant
Protein concentration (mM) pH Temperature (°C)

Lysozyme 15 11.5 12
Cytochrome c 25 8.8 15
Ribonuclease A 62 5.1 20
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Selective Separation of a Ternary Protein Mixture

Forward Extraction

The results of the RSM study were used to select the optimum solubiliza-
tion parameters for each protein. Firstly, lysozyme was extracted from the pro-
tein mixture in filtered broth, followed by cytochrome c, and finally ribonu-
clease A. The initial feed solution and each resulting aqueous solution were
analyzed by HPLC, and the chromatograms are shown in Fig. 4. The forward
extraction yield of each protein is shown in Table 3, and the results indicate
that protein separation from a filtered fermentation broth by a sequence of
three forward extractions was possible, and that high yields are obtainable.
Under the optimum conditions, AOT reverse micellar extraction can selec-
tively separate the target protein without being affected by the composition of
the fermentation broth, and this observation agrees with that of Krei and
Hustedt (11) for �-amylase extraction by cetyl-trimethyl ammonium bromide.
Furthermore, the use of an AOT reverse micellar phase led to a clear interface
between the two phases, in contrast to extraction from a buffer, and this is one
advantage of using an anionic as opposed to a cationic surfactant as noted by
Krei and Hustedt (11).

REVERSE MICELLAR EXTRACTION OF PROTEINS 513

FIG. 3 Lysozyme, cytochrome c, and ribonuclease A separation at 10°C, ambient temperature
(20°C), and 30°C.
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ORDER                        REPRINTS

Backward Extraction

If the protein forward extraction was carried out using a low concentration
of AOT (15 mM and 25 mM for lysozyme and cytochrome c, respectively),
then the two proteins could be backextracted easily at a pH close to the pI of
the relevant protein, and at low salt concentration, because the protein-filled re-
verse micelles are not stable under these conditions (14). However, ribonucle-
ase A was extracted using a high AOT concentration (60 mM), hence the back-
extraction was carried out by adding counterionic surfactant (7). The
chromatograms of the recovered proteins are shown in Fig. 5, and it can be seen
that there are very few contaminants from the broth in the aqueous phase of the
recovered proteins. Hence, in addition to being selective, reverse micellar ex-
traction from broths usually results in relatively pure protein solutions.

Effect of Initial Concentration

Different concentrations of proteins, lysozyme and cytochrome c in a
ternary protein mixture with a constant concentration of ribonuclease A (2.5
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FIG. 4 Sequential separation of the three protein mixture. (A) Initial feed solution, (B)
lysozyme separation, (C) cytochrome c separation, and (D) ribonuclease A separation.

TABLE 3
Sequential Fermentation Broth Extraction

Forward extraction Ribonuclease A Cytochrome c Lysozyme

First 0 0.5 98
Second 0 97 0
Third 70 2 0
Backextraction (% of

initial concentration) 70 97 77
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g/L), and cytochrome c and ribonuclease A in a binary protein mixture,
were used to study the effect of initial protein concentration on the selective
solubilization of lysozyme and cytochrome c. Under the optimum extraction
conditions, and within the range of initial protein concentrations investi-
gated, the target protein was not affected by the contribution of the other
protein present, as shown in Fig. 6. Lye et al. (13) reported that the concen-
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FIG. 5 Backextraction of the three protein mixture; (A) lysozyme, (B) cytochrome c, and (C)
ribonuclease A.

FIG. 6 Effect of initial protein concentration. (A) Ternary protein mixture (constant ribonu-
clease A concentration): (�) lysozyme and (�) cytochrome c. (B) Binary protein mixture: (�)

cytochrome c and (�) ribonuclease A.
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tration of lysozyme in reverse micelles decreased at high initial concentra-
tions (	2.8 mg/mL), and this was accompanied by the appearance of an in-
creasing amount of precipitate being formed at the interface. However, for
the binary protein mixture, the decline in solubilization of cytochrome c at 4
g/L appeared to be due to the low surfactant concentration used (50 mM)
which determines the maximum protein concentration that can be extracted
into a reverse micelle phase (13).

CONCLUSIONS

• A minimal AOT concentration exists, defined as the surfactant concentra-
tion required for �90% protein extraction, which is dependent on pH and
the hydrophobicity of the protein. For cytochrome c, lysozyme, and ri-
bonuclease A in buffer these values were 16, 12.5, and 18 mM/g at pH 10,
8, and 5, respectively.

• The minimal AOT concentration when extracting the same proteins from
filtered broth was found to be 10, 10, and 12 mM/g. Hence, in two out of
three cases the concentration was reduced, and it appears that this was due
to certain broth constituents acting as cosurfactants and altering the size,
water content, and aggregation number of the reverse micelles. This effect
was manifest in narrowing the pH range of extraction, although the extent
of extraction was not altered.

• Measurement of W0 in a reverse micellar phase in contact with buffer, fil-
tered broth, and fractionated/extracted broth revealed that the W0 decreases
by 50% when contacted with filtered broth in comparison with buffer, and
this was due to both positively charged amino acids and phospholipids re-
ducing the size of the micelles by reducing the repulsion between the sur-
factant headgroups.

• Response surface methodology was used to optimize the extraction of the
three proteins, and it was found that in all cases two out of the three sys-
tem variables (AOT concentration, pH, and temperature) had a significant
effect on protein extraction.

• Using the optimized extraction parameters, a mixture of three proteins in
filtered fermentation broth was separated and backextracted with high
yields (70–97%) and high purity. Initial protein concentrations up to 3 g/L
were found not to influence the extraction yield.
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