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Abstract - Aqueous two-phase micellar systems (ATPMS) can be exploited in separation science for the
extraction/purification of desired biomolecules. Prior to phase separation the surfactant solution reaches a
cloud point temperature, which is influenced by the presence of electrolytes. In this work, we provide an
investigation on the cloud point behavior of the nonionic surfactant C,oE, in the presence of NaCl, Li,SO4 and
KI. We also investigated the salts’ influence on a model protein partitioning. NaCl and Li,SO, promoted a
depression of the cloud point. The order of salts and the concentration that decreased the cloud point was:
Li,SO,4 0.5 M > NaCl 0.5 M = Li,SO4 0.2 M. On the other hand, 0.5 M KI dislocated the curve to higher cloud
point values. For our model protein, glucose-6-phosphate dehydrogenase (G6PD), partitioning experiments
with 0.5 M NaCl or 0.2 M Li,SO, at 13.85 °C showed similar results, with Kgepp ~ 0.46. The lowest partition
coefficient was obtained in the presence of 0.5 M KI (Kgepp = 0.12), with major recovery of the enzyme in the
micelle-dilute phase (%oRecovery = 90%). Our results show that choosing the correct salt to add to ATPMS
may be useful to attain the desired partitioning conditions at more extreme temperatures. Furthermore, this
system can be effective to separate a target biomolecule from fermented broth contaminants.

Keywords: Salt effect; Protein purification; C;oE4; G6PD; Cloud point; Aqueous two-phase micellar systems.

INTRODUCTION Mazzola et al., 2006; Hebbar et al., 2012; Lopes et al.,
2014).

One type of liquid-liquid extraction is the aque-
ous two-phase micellar system (ATPMS), which has
proved to be useful for extraction and purification of
biomolecules such as proteins, viruses, DNA and an-
tibiotics from unclarified microorganism cultures

(Bordier, 1981; Albertsson, 1986; Kamei et al., 2002;

Advances in biotechnology have opened up nu-
merous possibilities for the large-scale production of
many biomolecules for industrial applications. Liquid-
liquid extraction is a promising technique that can
possibly be used instead of, or as a complementary
process to more typical chromatographic operations

in order to reduce the costs of downstream process-
ing of different molecules (Kilikian et al., 2000;
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Rangel-Yagui et al., 2003; Mazzola et al., 2008; Lopes
et al., 2011; 2013). Compared with other traditional



1058 A. M. Lopes, V. C. Santos-Ebinuma, A. Pessoa Junior and C. O. Rangel-Yagui

purification techniques, ATPMS presents several
advantages, such as high water content of both phases
(80%, w/w) and biocompatibility, low interfacial
tension (minimizing degradation of biomolecules),
high capacity and yield, besides the possibility of
surfactant recycling. In addition, due to its simplicity,
low cost and ease of scale-up, this process has been
widely investigated for industrial applications
(Mazzola et al., 2008).

In these systems, an aqueous surfactant solution,
under the appropriate solution conditions, spontane-
ously separates into two predominantly aqueous, yet
immiscible, liquid phases, one of which has a greater
concentration of micelles than the other (Liu et al.,
1998; Rangel-Yagui et al., 2004). The difference
between the physicochemical environments in the
micelle-rich and in the micelle-poor phases forms the
basis for an effective separation and makes ATPMS a
convenient and potentially useful method for the
separation, purification, and concentration of bio-
materials (Liu et al., 1996; Dutra-Molino et al., 2014).

The addition of inorganic salts may result in
changes of both intra- and intermicellar interactions
due to electrostatic screening. Therefore, it often
leads to changes in the phase behavior of aqueous
mixtures of oppositely charged surfactants, thereby
improving biomolecule partitioning (Santos et al.,
2011; Xu, 2012; Santos-Ebinuma et al., 2013). In
general, the effect of inorganic salts (such as NaCl,
Na,S04, Li,SO,4) on the properties of nonionic sur-
factant solutions is considered to be small, since the
direct electrostatic interactions between ionic species
and nonionic surfactants are relatively weak. How-
ever, a large amount of inorganic salt may induce
changes in the solution properties through their in-
fluence on the properties of water.

For a micellar solution, the temperature at which
the isotropic solution breaks up into two phases is
known as the cloud point (Warr et al., 1990). In fact,
it is well known that salts added at rather high con-
centrations depress or elevate the cloud point of non-
ionic surfactant solutions, depending on the salting-
out or salting-in nature of the salt species (Weckstrom,
Zulauf, 1985; Koshy et al., 1996; Schott, 1997). In
the same way that salts may interfere with the cloud
point of nonionic surfactants, these electrolytes can
influence biomolecule partitioning in nonionic
ATPMS. Although salts distribute almost evenly be-
tween the phases, there are small, but significant
variations in the partition coefficient of ions due to
the existence of an electrostatic potential difference
between the phases, which can directly influence
biomolecule partitioning (Sarubbo et al., 2000). Ac-
cordingly, a significant electrostatic potential differ-

ence can exist depending on the salt used to govern
electroneutrality.

This work focused on evaluating the influence of
salts, in particular NaCl, Li,SO4, and KI), on the
coexistence curve of the nonionic surfactant C;¢E,.
We also investigated the partitioning of a model pro-
tein, the enzyme glucose-6-phosphate dehydrogenase
(G6PD), in ATPMS composed of CjoE; with and
without salt addition. G6PD is obtaind by bioprocess
and presents great interest as an analytical reagent,
being used in various quantitative assays, including
the measurement of creatin-kinase activity, hexose
concentrations, and as a biomarker in enzyme immu-
noassays (Bassi et al., 1999; Lojudice et al., 2001).
Therefore, ATPMS coud be an alternative for this
biomolecule extraction/purification.

MATERIALS AND METHODS
Materials

The glucose-6-phosphate dehydrogenase enzyme
from Leuconostoc mesenteroides, glucose-6-phos-
phate, B-nicotinamide adenine dinucleotide phosphate
(B-NADP") and octylphenol ethoxylate (Triton"™ X-
114 in this work abbreviated to TX-114) were all
purchased from Sigma (St. Louis, MO). The non-
ionic surfactant n-decyl tetraethylene oxide (C;¢E4)
was purchased from NIKKO Chemicals (Japan). All
the solutions were prepared in Mcllvaine’s buffer,
pH 7.2, consisting of 16.4 mM disodium phosphate
and 1.82 mM citric acid in water purified through a
Millipore Milli-Q ion-exchange system (Bedford,
MA). The glassware used was washed in a 50:50
ethanol:1 M sodium hydroxide bath, followed by a
1 M nitric acid bath, rinsed copiously with Milli-Q
water, and finally dried in an oven. Other chemicals
were of reagent grade and used as received, unless
otherwise stated.

Determination of G6PD Concentration

The determination of G6PD concentration in aque-
ous surfactant solutions was based on a well-estab-
lished enzymatic assay (Bergmeyer, 1983). The ac-
tivity of G6PD was measured by determining the rate
of NADPH formation, which absorbs at 340 nm,
using a Beckman DU-640 (Fullerton, CA) spectro-
photometer. To prevent phase separation during the
assay, a temperature of 15 °C was employed. One
G6PD unit was defined as the amount of enzyme that
catalyzes the reduction of 1 umol of NADP" per
minute under the assay conditions.
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Mapping the Coexistence Curve of the C,(E,/
Buffer System in the Presence or Absence of Salts

Coexistence curves of the CjoE./Buffer system
were mapped out in pure Mcllvaine’s buffer solu-
tions, and in the presence of salts, as specified: NaCl
0.5 M, Li,SO4 0.2 and 0.5 M, KI 0.5 M. The curves
were obtained by the cloud-point method (Albertsson,
1986; Blankschtein et al., 1986). Briefly, buffered
CyoE4 solutions of known concentrations (in the
presence or absence of salts) were prepared and
placed in a transparent thermo-regulated device with
temperature control within 0.2 °C. A magnetic stirrer
was used to ensure temperature and concentration
homogeneity. The temperature was first lowered
such that the solution exhibited a single, clear phase.
Then, the temperature was raised slowly, and the
temperature at which the solution first became
cloudy, indicating the onset of phase separation, was
taken as the cloud point (T¢roup). The procedure was
repeated three times for each data point to ensure
reproducibility and the coexistence curves were ob-
tained by plotting the T¢royp values as a function of
surfactant concentration.

G6PD Partitioning in Aqueous Two-Phase Micellar
Systems

Buffered solutions, each with a total mass of 3 g,
were prepared in 10 mL graduated test tubes by the
addition of the desired amounts of surfactant (C;oE,),
G6PD and salt solution as required. Since the enzy-
matic assay for determination of G6PD concentra-
tions is very sensitive, there was no need to use large
amounts of the enzyme and, therefore, the overall
G6PD concentration in each partitioning experiment
was 0.007 %w/w (0.7 mM). The systems were mixed
and equilibrated at 4 °C in order to form a clear and
homogeneous single phase. Subsequently, the sys-
tems were placed in a thermo-regulated device, pre-
viously set at the desired temperature, and main-
tained for 3 hours to attain partitioning equilibrium.
After that, the two coexisting micellar phases formed
were withdrawn separately and the concentration of
GO6PD in each phase was determined. Each parti-
tioning experiment was carried out in triplicate to
verify reproducibility.

The partitioning behavior of G6PD in the ATPMS
was quantified in terms of the partition coefficient
(Kgepp), defined as follows:

CG()PD,c (1)

Kegepp = C
G6PD,d

where C,is the G6PD concentration in the surfactant

concentrated top phase (micelle-rich phase), and C,
is the GFPuv concentration in the surfactant dilute
bottom phase (micelle-poor phase). The CjoE, inter-
ference in the method was taken into consideration.

The volume ratio between the phases of the sys-
tem was calculated as:

R =—¢ (2

where V, and V,; are the volumes of the micelle-rich
and micelle-poor phases, respectively.

The activity balance (%ABgsespp) Was also calcu-
lated, as follows:

C V. +C V
%ABggpp = G6rp.cVe TEG6PD.d"d 100, 3)

CGGPD,iVG6PD,i

where Cgeppe, Caerpa and Cegepp,; correspond to the
G6PD activity in the micelle-rich (top) phase, in the
micelle-poor (bottom) phase, and in the G6PD solu-
tion initially added to the system, respectively. V., V;
and V; correspond to the volumes of the micelle-rich
phase, micelle-poor phase, and the G6PD solution
initially added to the system, respectively.

Based on the partitioning theory proposed by
Blankschtein et al. (1986), the excluded-volume
effect - EV was calculated with the help of the fol-
lowing equation:

_ ((I)c — (I)d)
EV =00 4)

where ¢. and ¢, are the surfactant volume fractions
in the concentrated (micelle-rich) and dilute (mi-
celle-poor) phases, respectively (Nikas et al., 1992;
Lue and Blankschtein 1996). The (¢, — ¢5) value can
be obtained from the coexistence curve, since both
phases have densities of approximately 1 g/mL, and
therefore, weight fractions can be approximated as
volume fractions. According to this theory, excluded-
volume interactions are the main interactions govern-
ing the partitioning of hydrophilic proteins in non-
ionic ATPMS.

RESULTS AND DISCUSSION
Coexistence Curves of the C,(E,/Buffer Systems
The coexistence curve represents the boundary
separating the one-phase region from the two-phase

region of an appropriate phase diagram. For polyeth-
ylene oxide derived nonionic surfactants, such as
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CioE4, the attractive forces between the micelles in-
creases with temperature (Blankschtein et al., 1986;
Chevalier and Zemb, 1990). Moreover, the phase
behavior of aqueous micellar solutions might change
in the presence of electrolytes and impurities (Balzer
and Liiders, 2000). So, the influence of different salts,
namely NaCl, Li,S04 and KI, on the phase diagram
of the C;oE4/buffer system was investigated (Figure 1,
Table 1).

—&—C10F4 —E—050MK!

= 05
—&—0.50 ivi NaCi —=—0.20 i Li

T°C

o -

CC10E4,bottom

Figure 1: Experimentally determined coexistence
curves of the CoE4 micellar system, showing the
corresponding tie-lines employed in the partitioning
experiments. The operational tie-lines are indicated
as horizontal dashed lines. The experimental error
was not superior to + 0.2 °C.

Table 1: Experimentally determined coexistence
curves of the CyE, micellar system for different
temperatures, C; E, concentrations, salts and salt
concentrations. A C;E4 micellar solution having
any CoE, concentration along the tie-line will phase
separate into top and bottom phases having con-
centrations Cciorstops CcioE4pottoms Yespectively. The
excluded-volume effect (EV) was also calculated.

SALT [Molar] | T (°C) | Ccioraop | Ccioranottom EV
Without salt 19.70

0.5 M NaCl 13.85
0.2 M Li,SO,4 13.85 0.40 6.60 0.062
0.5 M Li,SO4 8.11
0.5 MKI 23.40

As can be seen in Figure 1, coexistence curves
shifted considerably in the presence of electrolytes as

compared to the CjoE4 curve in buffer. This phe-
nomenon is based on the complex competition be-
tween the inorganic salts and the surfactant for water
molecules and the existence of specific interactions
(Ulloa et al., 2012). The differences observed were
dependent on the type and concentration of salt
added to the system. Hofmeister (1888), in his origi-
nal work, reported that certain salts either decrease
or increase protein solubility in water. The effective-
ness of salts is governed by the properties of the
anions and is observed typically at concentrations of
approximately one molar, but may be seen at con-
centrations as low as 0.01 M, in some cases (Marcus,
2009). For a given cation, the series is generally
written as CO;™ > SO,” > $,05” > H,PO, > OH > F
> HCO, > CH;CO;, > CI'> Br > NOs > I'> ClO, >
SCN'. This means that carbonate is the most kosmo-
tropic anion (water-structure-making), whereas thio-
cyanate is the most chaotropic one (water-structure-
breaking). Regarding the cations, the following se-
quence was described by Marcus (2009): (CH3),N" >
(CH3),NH,"> K" ~Na"> Cs"> Li" > NH, > Mg*" >
Ca2+> C(NH2)3+.

This sequence of ions can suffer variations due to
interaction of ions with macromolecules present in
the solution. In this sense, the ions of the Hofmeister
series are classified on the basis of their influence on
the water structure in two different ways (Collins and
Washabaugh, 1985). Chaotropic ions (such as thio-
cyanate, perchlorate) are usually large and have
weak electric fields and a loose hydration shell,
which can be easily removed. On the contrary, kos-
motropic ions are usually small, have high electric
fields at short distances and bind water molecules
strongly. Due to their strong tendency to hydrate,
they compete for water around the PEO chains in the
surfactant assemblies such as micelles.

Considering the Hofmeister series for the anions
employed in this work, the following sequence repre-
sents the kosmotropic action SO4~>CI>I", whereas
for the cation the following sequence has to be con-
sidered: K'~Na"™>Li". As can be observed in Figure 1,
NaCl and Li,SO4 promoted a depression in the
Tcroup. Probably these results were achieved due to
the salts strong tendency for hydration; the ions
compete for water around the PEO chains of the
surfactant molecules assembled as micelles, leading
to dehydration of the PEO chains, which in turn re-
sults in micelle-micelle van der Waals interactions
and depression of T¢royp. The order and concentra-
tion of salts that decrease the cloud point is: Li;SO4
0.5 M >NaCl 0.5 M = Li,SO,4 0.2 M. The addition of
0.5 M Li,SO, drastically decreased Tcroup and,
therefore, it was not reported in this work. Our
results are in agreement with the ones obtained by
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Molina-Bolivar et al., (2002), who evaluated the
influence of different chloride salts, namely NaCl,
LiCl and CsCl, on the cloud point of Triton X-100 in
aqueous solution. According to these authors, the
decrease in cloud point occurred in the following
order Li" > Na" > Cs".

Regarding NaCl and Li,SO,, the decrease in the
cloud point was around 6 °C compared with the sys-
tem without salt. It is known that the cation with
higher global charge is highly hydrated and can de-
crease the water molecules in the micelle hydration
layer, leading to an increase in micelle-micelle inter-
actions that results in lower cloud point temperatures.

On the other hand, KI presents chaotropic ions,
which are known as water structure breakers, pro-
moting salting-in behavior (Yanjie and Paul, 2006).
So, as expected, 0.5 M KI dislocated the curve to
higher Tcroup values. The water-structure-breaking
ions have weak electric fields and a loose hydration
shell, which can be easily removed. Therefore, cha-
otropic ions disrupt the “icebergs” of water mole-
cules in bulk water and increase the concentration of
free water molecules that can form hydrogen bonds
with the PEO chains of nonionic surfactants (Schott,
1997; Leontidis, 2002).

Micellar aggregation is also changed by the pres-
ence of salts, because the critical micellar concentra-
tion (CMC) and the aggregation number (average
number of monomers in each micelle) are dependent
on ion solvation (Anacker and Ghose, 1963; Tonova
and Lazarova, 2005). Moreover, the binding of ions
affects micellar organization and the electrostatic
interactions among surfactant polar head groups.
Consequently, these effects influence biomolecule
partitioning in micellar solutions (Brochztain et al.,
1990; Quina and Chaimovich, 1979).

Therefore, varying both salt composition and pH
can be used as a strategy in order to improve the
purification of proteins since the effect of electro-
static potential difference has a strong dependence on
the protein net charge. Thus, understanding the
behavior of coexistence curves of a nonionic micel-
lar system (such as the C;(E4/buffer system) in the
presence of salts may allow better planning of pro-
tein partitioning experiments. In this paper, in par-
ticular, we investigated G6PD partitioning in the
presence of different salts, keeping constant the ex-
cluded-volume effect.

G6PD Partitioning in C;yE; ATPMS in the Presence
and Absence of Salts

Initially, we investigated the effect of different
CoE4 concentrations on the enzymatic activity of
G6PD, which is presented in the form of an activity

balance (Figure 2). As can be seen, G6PD stability at
surfactant concentrations up to 6% (w/w) was higher
than 90%. However, for surfactant concentrations
from 8 to 10% (w/w) the G6PD activity balance was
approximately 85%, as a consequence of enzyme-
surfactant interactions. Usually, an activity balance
of 85% is considered to be acceptable in terms of
purification processes and we can consider the non-
ionic surfactant C;oE4 to be mild to G6PD and suit-
able for ATPMS purification. The G6PD partitioning
in CyoEs/buffer system was investigated in the pres-
ence of the salts and the results are presented in
Table 2.

120

100 4 - I
T : .

60

AB gopp (%)
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Figure 2: G6PD enzyme activity (%A4Bgsrp) after
one hour of exposure to different concentrations of
CoE4 at 15 °C. The error bars represent 95% confi-
dence levels for the measurements.

According to Table 2, the results of the activity
balance (%ABgerp) Were approximately 100%. Thus,
there was no loss of enzyme activity during partition-
ing process and the C;oE4 system can be employed for
the purification of this enzyme with no significant
denaturing effect. This confirms that enzyme stability
in the presence of C;(E4, as presented in Figure 2.

The protein partition coefficient (Kgepp) is a sensi-
tive parameter, useful to evaluate the balance of repul-
sive and attractive interactions between proteins and
surfactant aggregates in ATPMS (Machado et al.,
2010). Proteins that aggregate with the surfactant mole-
cules are expected to show a preference for the micel-
lar phase, whereas proteins with no attractive interac-
tions with the surfactant or depleted from the aggre-
gates surface generally remain in the less crowded
aqueous phase. Here, for all the conditions studied,
the Kgepp values were smaller than 1.0, demonstrating
the hydrophilic character of the enzyme. In other
words, G6PD is not hydrophobically attracted to the
micelle-rich, concentrated phase of the system. More-
over, in the dilute, micelle-poor phase, the enzyme can
sample a larger available volume. This volume exclu-
sion effect increases with the increase in phase separa-
tion temperature and can be estimated based on the
coexistence curve (Equation (1)).
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Table 2: Experimental results for G6PD partitioning in a C,,E,/buffer, for different temperatures, C(E,
concentrations, salts and salt concentrations, but keeping the excluded-volume constant at 0.062. R corre-
sponds to the volume ratio between the phases, K¢pp is the partition coefficient of G6PD and %ABgepp is
the activity balance. The error bars represent 95% confidence levels for the measurements.

SALT [MOlar] ([‘)/Colvovl;:;]]) T(OC) R (VL/Vd) KGGPD %ABG6PD

Without salt 4.00 19.70 0.90 0.25+0.04 92.4+3.00
0.5 M NaCl 3.10 13.85 1.00 0.47 +0.04 105.5+5.00
0.2 M Li,SO,4 3.10 13.85 1.00 0.46 +0.03 102.9 +£2.00
0.5 M Li,SO4 3.10 8.11 1.20 0.50+0.03 99.5+3.00
0.5 MKI 3.00 23.40 0.30 0.12+£0.03 120 £ 5.00

The G6PD partitioning in the system without salt
at 19.7 °C resulted in Kgspp = 0.25. However, the ad-
dition of NaCl and Li,SO,4 promoted an increase in
Kgepp, which means that the enzyme partitioned
comparatively less to the dilute phase (micelle-poor
phase). Probaby, there was a salting out effect on the
protein from the micelle-poor to the micelle-rich
phase. The experiments with 0.5 M NaCl and 0.2 M
Li,SO,4 at 13.85 °C showed similar results, with
Kespp ~ 0.46. The lowest partition coefficient was
obtained in the presence of 0.5 M KI at 23.40°C
(Kgepp = 0.12), with major recovery of the enzyme in
one of the phases (micelle-dilute, %Recovery =
90%). Initially, we were expecting similar Kgepp
results in the presence of 0.5 M KI, 0.5 M NaCl and
0.2 M Li,SO,, since both the excluded-volume pa-
rameter and the initial surfactant concentration were
similar in all cases. The significant difference ob-
served for KI might be related to an error in cloud
point values for the higher concentrations of Cj4E4 in
the presence of KI. If we slightly overestimated the
TcLoup in the presence of KI, the excluded-volume
of the experimental partitioning condition would be
much higher and R would be smaller, as observed.

Our group also investigated G6PD partition in
ATPMS composed of the nonionic surfactant Triton
X-114 (TX-114), which is also a PEO surfactant
type, employing 1.5% of TX-114 at 27.5 °C and
2.5% of TX-114 at 30 °C and either NaCl or KI at
different concentrations (0.25 and 0.4 M). In this
study, we observed the same tendency of G6PD to
partition to the micelle-dilute phase in the absence of
salts and an increase in partitioning to the micelle
rich phase when salts were added to the system.
Furthermore, the migration trend to the micelle-rich
phase was more pronounced in the presence of NaCl
than KI, which was also in agreement with the pre-
sent work (unpublished data).

Jozala et al. (2012) studied the addition of salts in
Triton X-114 ATPMS in order to investigate nisin
partitioning behavior. In the presence of only buffer,
partition coefficient (K) values were around 3. In the

presence of MgSO, and (NH,4),SO,, nisin showed K
values of 5.6 and 5.4, respectively. Comparing our
results with these related ones, we observe that the
addition of salts to aqueous solutions of C,oE, infllu-
ences the coexistence curve, but no major changes in
GO6PD partitioning behavior are observed. For a less
hydrophilic and/or smaller protein, more significant
changes in partition coefficient could be observed.
Nonetheless, the addition of salts can be an interest-
ing artifact when purifying proteins in ATPMS since
it allows one to play with temperature while keeping
the excluded-volume effect constant. This might
have importance for very thermo-sensitive and very
thermo-resistant target proteins. In the first case, a
chaotropic ion should be employed in order to lower
Tcroup and favor the target protein stability. In the
second and perhaps more interesting case, a kosmo-
tropic ion might be used to increase Tcoyp and,
consequently, the chances of denaturing contaminant
proteins that could then be removed in the micelle-
rich phase.

CONCLUSION

The influence of salts on both the cloud point of
CioE4 and the partitioning of G6PD was studied. In
this context, we observed that both NaCl and Li,SO,
promoted an increase of enzyme partitioning to the
micelle-rich phase, whereas KI resulted in the high-
est GOPD recovery in the micelle-dilute phase. These
results demonstrate that the presence of electrolytes
influences the cloud point of the Ci4E4 system and
that knowledge of this parameter is of paramount
importance before starting partitioning studies. The
addition of salts allows one to play with the parti-
tioning temperature while keeping the excluded-vol-
ume effect constant, and this can be useful to purify
thermo-sensitive, as well as thermo-resistant pro-
teins. In a complex medium, i.e., fermented broth,
this methodology can promote separation of a target
biomolecule from other contaminants such as pro-
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teins. Moreover, the results support the applicability
of ATPMS to extract G6PD.

ACKNOWLEDGMENT

This research was supported by grants from the
Coordination for Higher Level Graduate Improve-
ments (CAPES/Brazil), the National Council for
Scientific and Technological Development (CNPg/
Brazil) and the State of Sdo Paulo Research Founda-
tion (FAPESP/Brazil). We are also grateful to Gabriel
Lorensini de Oliveira for some of the experiments
carried out.

REFERENCES

Albertsson, P. A., Partition of cell particles and macro-
molecules. 3rd, Ed. New York, Wiley-Interscience,
p- 346 (1986).

Anacker, E. W. and Ghose, H. M., Counterions and
micelle size. 1. Light scattering by solutions of
dodecyltrimethylammonium salts. Journal of
Physical Chemistry, v. 67, 1713-1716 (1963).

Bassi, A. S., Tang, D. Q. and Bergougnou, M. A.,
Mediated, amperometric biosensor for glucose-6-
phosphate monitoring based on entrapped glu-
cose-6-phosphate dehydrogenase, Mg®* ions, tet-
racyanoquinodimethane, and nicotinamide ade-
nine dinucleotide phosphate in carbon paste.
Analytical Biochemistry, v. 268, 223-228 (1999).

Bergmeyer, H. U., Ed. Methods of Enzymatic Analy-
sis: Samples, Reagents, Assessment of Results.
3rd, Ed. Weinheim, Verlag Chemie, 2, p. 190
(1983).

Blankschtein, D., Thurston, G. M. and Benedek, G.
B., Phenomenological theory of equilibrium ther-
modynamic properties and phase separation of
micellar solutions. Journal of Chemical Physics,
v. 85, 7268-7288 (1986).

Bordier, C., Phase separation of integral membrane
proteins in Triton X-114 solution. Journal of
Biological Chemistry, v. 256, 1604-1607 (1981).

Brochsztain, S., Berci, P., Toscano, V. G., Chaimovich,
H. and Politi, M. J., Ion binding and selectivity in
zwitterionic micelles. Journal of Physical Chem-
istry, v. 94, 6781-6785 (1990).

Chevalier, Y. and Zemb, T., The structure of micelles
and microemulsions. Reports on Progress in
Physics, v. 53, 279-371 (1990).

Collins, K. D. and Washabaugh, M. W., The Hof-
meister effect and the behaviour of water at inter-
faces. Quarterly Reviews of Biophysics, v. 18,
323-422 (1985).

Brazilian Journal of Chemical Engineering Vol. 31,

Hebbar, U. H., Sumana, B., Hemavathi, A. B. and
Raghavarao, K. S. M. S., Separation and purifi-
cation of bromelain by reverse micellar extraction
coupled ultrafiltration and comparative studies
with other methods. Food and Bioprocess Tech-
nology, v. 5, 1010-1018 (2012).

Hofmeister, F., Zur lehre von der wirkung der salze.
II. Archiv fiir experimentelle Pathologie und Phar-
makologie, v. 24, 247-260 (1888), (Translated In:
Kunz, W., Henle, J., Ninham, B. W., About the
Science of the Effect of Salts: Franz Hofmeister’s
Historical Papers. Current Opinion in Colloid &
Interface Science, v. 9, 19-37 (2004).

Jozala, A. F., Lopes, A. M., Novaes, L. C. L., Mazzola,
P. G. and Pessoa-Jr, A., Aqueous two-phase mi-
cellar system for nisin extraction in the presence
of electrolytes. Food and Bioprocess Technology,
v. 6, 3456-3461 (2012).

Kamei, D. T., King, J. A., Wang, D. I. C. and Blank-
schtein, D., Separating lysozyme from bacterio-
phage p22 in two-phase aqueous micellar sys-
tems. Biotechnology and Bioengineering, v. 80,
233-236 (2002).

Kilikian, B. V., Bastazin, M. R., Minami, N. M.,
Goncalves, E. M. R. and Pessoa, A., Liquid-liquid
extraction by reversed micelles in biotechnologi-
cal processes. Brazilian Journal of Chemical En-
gineering, v. 17, 29-38 (2000).

Koshy, L., Saiyad, A. H. and Rakshit, A. K., The
effects of various foreign substances on the cloud
point of Triton X 100 and Triton X-114. Colloid
& Polymer Science, v. 274, 582-587 (1996).

Leontidis, E., Hofmeister anion effects on surfactant
self-assembly and the formation of mesoporous
solids. Current Opinion in Colloid & Interface
Science, v. 7, 81-91 (2002).

Liu, C. L., Kamei, D. T., King, J. A., Wang, D. L. C.
and Blankschtein, D., Separation of proteins and
viruses using two-phase aqueous micellar sys-
tems. Journal of Chromatography B, v. 711, 127-
138 (1998).

Liu, C. L., Nikas, Y. J. and Blankschtein, D., Novel
bioseparations using two-phase aqueous micellar
systems. Biotechnology and Bioengineering, v.
52, 185-192 (1996).

Lojudice, F. H., Silva, D. P, Zanchin, N. I. T,
Oliveira, C. C. and Pessoa-Jr., A., Overexpression
of glucose-6-phosphate dehydrogenase (G6PD) in
genetically modified Saccharomyces cerevisiae.
Applied Biochemistry and Biotechnology, v. 91/
93, 161-169 (2001).

Lopes, A. M., Santos-Ebinuma, V. C., Novaes, L. C.
L., Molino, J. V., Barbosa, L. R. S., Pessoa-Jr, A.
and Rangel-Yagui, C. O., LPS-protein aggregation
influences protein partitioning in aqueous two-

No. 04, pp. 1057 - 1064, October - December, 2014



1064 A. M. Lopes, V. C. Santos-Ebinuma, A. Pessoa Junior and C. O. Rangel-Yagui

phase micellar systems. Applied Microbiology
and Biotechnology, v. 97, 6201-6209 (2013).

Lopes, A. M., Santos-Ebinuma, V. C., Apolinario, A.
C., Mendonga-Jr, F. J. B., Damasceno, B. P. G. L.,
Pessoa-Jr, A., Silva, J. A., SCNOS5 partitioning in
an aqueous two-phase system: A new approach to
the solubilization of hydrophobic drugs. Process
Biochemistry, v. 49, 1555-1561 (2014).

Lopes, A. M., Silva, D. P,, Vicente, A. A., Pessoa-Jr,
A., Teixeira, J. A., Aqueous two-phase micellar
systems in an oscillatory flow micro-reactor: Study
of perspectives and experimental performance.
Journal of Chemical Technology and Biotechnol-
ogy, v. 86, 1159-1165 (2011).

Lue, L. and Blankschtein, D., A liquid-state theory
approach to modeling solute partitioning in phase-
separated solutions. Industrial & Engineering
Chemistry Research, v. 35, 3032-3043 (1996).

Machado, A. H. E., Lundberg, D., Ribeiro, A. J., Veiga,
F. J., Miguel, M. G, Lindman, B. and Olsson, U.,
Interactions between DNA and nonionic ethylene
oxide surfactants are predominantly repulsive.
Langmuir, v. 26, 13102-13109 (2010).

Marcus, Y., Effect of ions on the structure of water:
structure making and breaking. Chemical Review,
v. 109, 1346-1370 (2009).

Mazzola, P. G, Lam, H., Kavoosi, M., Haynes, C. A.,
Pessoa-Jr, A., Penna, T. C. V., Wang, D. I. C. and
Blankschtein, D., Affinity-tagged green fluorescent
protein (GFP) extraction from a clarified E. coli
cell lysate using a two-phase aqueous micellar
system. Biotechnology and Bioengineering, v. 93,
998-1004 (2006).

Mazzola, P. G, Lopes, A. M., Hasmann, F. A., Jozala,
A. F., Penna, T. C. V., Magalhaes, P. O., Rangel-
Yagui, C. O. and Pessoa-Jr, A., Liquid-liquid ex-
traction of biomolecules: an overview and update
of the main techniques. Journal of Chemical
Technology and Biotechnology, v. 83, 143-157
(2008).

Molina-Bolivar, J. A., Aguiar, J. and Ruiz, C. C,
Growth and hydration of Triton X-100 micelles in
monovalent alkali salts: A light scattering study.
The Journal of Physical Chemistry B, v. 106, 870-
877 (2002).

Molino, J. V. D., Feitosa, V. A., Novaes, L. C. L.,
Santos-Ebinuma, V. C., Lopes, A. M., Jozala, A.
F., Viana, D. A., Malpiedi, L. P., Pessoa-Jr, A.,
Biomolecules and bioparticles purification proc-
esses: An overview. Revista Mexicana de In-
genieria Quimica, v. 13, 359-377 (2014).

Myers, D., Surfaces, Interfaces, and Colloids: Prin-
ciples and Applications. 2nd Ed., Wiley-VCH, p.
501 (1999).

Nikas, Y. J., Liu, C. L., Srivastava, T., Abbott, N. L.
and Blankschtein, D., Protein partitioning in two-
phase aqueous nonionic micellar solutions. Macro-
molecules, v. 25, 4794-4806 (1992).

Quina, F. H. and Chaimovich H., lon-exchange in
micellar solutions. 1. Conceptual-framework for
ion-exchange in micellar solutions. Journal of
Physical Chemistry, 83(14), 1844-1850 (1979).

Rangel-Yagui, C. O., Lam, H., Kamei, D. T., Wang,
D. 1. C., Pessoa-Jr., A. and Blankschtein, D., Glu-
cose 6-phosphate dehydrogenase partitioning in
two-phase aqueous mixed (nonionic/cationic) mi-
cellar systems. Biotechnology and Bioengineer-
ing, v. 82, 445-456 (2003).

Rangel-Yagui, C. O., Pessoa, A. and Blankschtein, D.,
Two-phase aqueous micellar systems - An alterna-
tive method for protein purification. Brazilian Jour-
nal of Chemical Engineering, v. 21, 531-544 (2004).

Santos, V. C., Hasmann, F. A., Converti, A. and
Pessoa-Jr, A., Liquid-liquid extraction by mixed
micellar systems: A new approach for clavulanic
acid recovery from fermented broth. Biochemical
Engineering Journal, v. 56, 75-83 (2011).

Santos-Ebinuma, V. C., Lopes, A. M., Converti, A.,
Pessoa Junior, A., Rangel-Yagui, C. D. O., Be-
havior of Triton X-114 cloud point in the pres-
ence of inorganic electrolytes. Fluid Phase Equi-
libria, v. 360, 435-438 (2013).

Sarubbo, L. A., Oliveira, L. A., Porto A. L. F., Duarte,
H. S., Carneiro-Ledo, A. M. A., Lima-Filho, J. L.,
Campos-Takaki, G. M. and Tambourgi, E. B., New
aqueous two-phase system based oncashew-nut
tree gum and poly(ethylene) glycol. Journal of
Chromatography B, v. 743, 79-84 (2000).

Schott, H. J., Effect of inorganic additives on solu-
tions of nonionic surfactants. Colloid & Interface
Science, 189, 117-122 (1997).

Tonovaa, K. and Lazarova, Z., Influence of enzyme
aqueous source on RME-based purification of a-
amylase. Separation and Purification Technology,
v. 47, 43-51 (2005).

Warr, G. G, Zemb, T. N. and Drifford, M., Liquid-
liquid phase separation in cationic micellar solu-
tions. Journal of Physical Chemistry, v. 94, 3086-
3092 (1990).

Weckstrom, K. and Zulauf, M. J., Lower consolute
boundaries of a poly(oxyethylene) surfactant in
aqueous solutions of monovalent salts. Journal of
the Chemical Society, Faraday Transactions, v. 1,
2947-2958 (1985).

Xu, H. N., An aqueous anonic/nonionic surfactant
two-phase system in the presence of salt. 2. Parti-
tioning of ice structuring proteins. RSC Advances,
v. 2, 12251-12254 (2012).

Brazilian Journal of Chemical Engineering




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


