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a b s t r a c t

The objective of this study was to determine the thermodynamic parameters (�trG, �trH and �trS) asso-
ciated with lysozyme and conalbumin partitioning in aqueous two-phases systems (ATPS). Influence of
salt type and polyethylene glycol (PEG) concentrations on the partition coefficient of lysozyme and conal-
eywords:
queous two-phase systems
gg white protein
onalbumin
ysozyme

bumin from egg white was studied. The evaluated ATPS were composed of PEG 1500 and inorganic salts
(sodium citrate and sodium sulfate) at a temperature of 25 ◦C and pH 7.0, with PEG 1500 g mol−1 concen-
trations of 14%, 16% and 18% (mass basis). Partitioning of lysozyme in PEG–citrate ATPS was enthalpically
driven, however the PEG–sulfate ATPS was entropically driven. The tested systems can be employed for
the separation of these two proteins in egg white, due to the fact that lysozyme migrates toward the
polymeric phase and conalbumin to the saline phase in both ATPS. A high recovery of conalbumin in the

ulfate
hermodynamic parameters saline phase of the PEG–s

. Introduction

Egg white is a natural protein source with high nutritional and
iological value. Among these proteins, lysozyme and conalbumin
re of particular interest due to their high nutritional and func-
ional value, highlighting the interest in the development of new
echniques for their separation and purification while maintaining
heir functional characteristics unchanged [1–3].

Aqueous two-phase systems have achieved continued applica-
ions in recent decades for concentration, isolation and separation
f proteins. These systems are composed of two immiscible phases
hich provoke biomolecule separation under gentle conditions and

n suitable environment, allowing biomolecules to maintain their
unctionality. The high concentration of water (between 65% and
0% in mass) in these systems favors protein stability during sep-
ration when compared with traditional liquid extraction systems
omposed of organic solvents. ATPS can be a good alternative for

he first stage of protein purification since these systems permit
he removal of diverse contaminants using a simple and low cost
ystem [4–7].

∗ Corresponding author. Tel.: +55 31 38992229; fax: +55 31 38992208.
E-mail address: jcoimbra@ufv.br (J.S. dos Reis Coimbra).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ATPS was determined to be enthalpically driven.
© 2009 Elsevier B.V. All rights reserved.

Difficulty in prediction protein partitioning in ATPS is due to the
lack of thermodynamic understanding which controls this process.
Theoretical thermodynamic comprehension of aqueous phase sys-
tems is valuable for comparison with actual protein partitioning
from experimental results. Tubío et al. [8] and Picó et al. [9] have
published data regarding the understanding of thermodynamic
partitioning properties.

Therefore, the objectives of this work were: (i) to evaluate the
use of ATPS composed of polyethylene glycol (PEG), salt and water
as a separation technique for lysozyme and conalbumin; (ii) to
study the influence of salt type (sodium citrate and sodium sulfate)
and the concentration of PEG (14%, 16% and 18% (w/w)), on pro-
tein partitioning and (iii) to obtain the thermodynamic parameters
associated with protein transfer to each of the phases.

2. Materials and methods

2.1. Materials

Lysozyme and conalbumin were purchased from Sigma–Aldrich

(USA). Polyethylene glycol (PEG) 1500 g mol−1 (SYNTH, Brazil),
sodium sulfate and sodium citrate (CROMOLINE, Brazil) were used
in the preparation of the ATPS. All reagents used were of analyt-
ical grade requiring no greater purification. In the experiments,
ultrapure water (Milli-Q system, Millipore Inc., USA) was used.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jcoimbra@ufv.br
dx.doi.org/10.1016/j.jchromb.2009.07.002
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.2. Preparation of the aqueous two-phase systems (ATPS)

Biphasic systems were prepared by mixing PEG 1500 and an
norganic salt (sodium citrate or sodium sulfate) according to
iquid–liquid equilibrium data cited by Carvalho et al. [10] and Mar-
ins et al. [11].

A stock solution of PEG 1500 (50% (w/w)) was first prepared.
odium sulfate and sodium citrate were subsequently added by
eighting their solid masses. The pH values of the saline solu-

ions used were close to 7.0, requiring no adjustments. Proteins
lysozyme and conalbumin) were the last components to be added
o the system (5.0 mg—analytical balance, M-310, DENVER INSTRU-

ENTS, USA). All systems were prepared in graduated centrifuge
ubes with a total system mass of 12 g for each tube. Tubes
ere manually agitated for approximately 3 min and centrifuged

EPPENDORF 5702, Germany) at 400 rpm for 10 min to accelerate
hase formation. The tubes were placed in a thermostatic bath (TE-
84, TECNAL, Brazil) at the working temperature (25 ◦C) and left to
est for 20 h. After this treatment, protein concentration in each of
he phases was determined by taking samples the phases using a
ipette for the upper phase and a syringe with a long, thin needle (in
rder to minimize disturbances to the upper phase) for the lower
hase.

.3. Quantification of proteins present in the phases

The concentration of proteins (lysozyme and conalbumin)
resent in both the saline and polymeric phases was determined
y high performance liquid chromatography (HPLC) in a ÄKTA
urifier® 10/100 system (Amersham Pharmacia Biotech, Sweden),
sing a Mono S® HR 5/5 cation exchange column (Pharmacia
iotech, Sweden). The eluent was monitored by UV absorption (UV-
00) at 215 nm and its conductivity was measured on-line by a
H/C-900 flow cell. Samples were passed through 0.22 �m Milli-
ore filters and injected through a 50 �l loop. For elution of the
roteins, a mobile phase gradient composed of phosphate pH 7.0
uffer (A) and phosphate pH 7.0 buffer +0.5 mol L−1 NaCl (B), at a
ow rate of 1.0 mL min−1, was used (Table 1). Maximum pressure
n the column bed was 2.0 MPa and due to its high viscosity, the
olymeric phase was diluted 1:2 (sample:water) before injection.

.4. Calculation of the partition coefficient

After chromatographic analysis, the protein concentration in
ach phase was found by relating the area of the protein peak with
he calibration curve (area versus concentration), obtained using
ure proteins. After determining the concentration of each protein

n each phase, the partition coefficient for the individual proteins

as determined. In the case of lysozyme, the partition coefficient

KL) was calculated as the ratio between [P]top and [P]bottom, where
P]top and [P]bottom are the equilibrium protein concentrations in
he PEG (upper) and salt (lower) rich phases, respectively. In the
ase of conalbumin, the partition coefficient (KC) was calculated

Table 1
Mobile phase gradient for the elution of the proteins.

Time (min) % Buffer

A B

0 100 0
1 100 0
3 65 35
7 65 35
9 25 75

14 25 75
15 0 100
18 0 100
omatogr. B 877 (2009) 2579–2584

inversely as the ratio between [P]bottom and [P]top. All experiments
were performed in duplicate and the partition coefficients were
used to quantify the degree of separation achieved in the extrac-
tion process. To select the ATPS with the best protein purification
capacity, a theoretical recovery (y, %) in the upper and lower phases
was calculated using the following equations:

ytop(%) = 100
1 + (1/RLKL)

(1)

ybottom(%) = 100
1 + (1/RCKC)

(2)

in which RL = Vtop/Vbottom and RC = Vbottom/Vtop, where Vtop and
Vbottom are the volumes of the upper and lower phases, respectively.

2.5. Determination of the enthalpy of transfer (�trH)

In this study, �trH was determined directly by isothermal titra-
tion microcalorimetry. This technique permitted the evaluation
of the energy of transfer by the addition of an extractor phase
(polymeric in the case of lysozyme and saline in the case of conal-
bumin) directly on the phase where the dissolved protein was
found (lysozyme in the salt phase and conalbumin in the polymeric
phase). When compared with solution microcalorimetry, this tech-
nique shows advantages including the smaller amount of reagent
necessary for determination and the possibility of performing the
transfer experiment with the two phases present, therefore allow-
ing simultaneous the transfer of other ATPS components together
with the proteins.

Energy transfer measurements were performed using an
isothermal titration microcalorimeter CRC (USA, model ITC 4200).
The microcalorimeter was composed of a pair of cells with a capac-
ity of 1.8 mL of solution, in which one was for the sample and the
other for the reference material. A syringe added specified volumes
of the titration solution (extractor phase) at the same time that
the solution was agitated at a given temperature. The total heat
of transfer (QT) was obtained by experiments which consisted of
consecutive injection of 10 �L samples of the upper phase (at a
pre-established PEG concentration) to the calorimeter containing
1.8 mL of the lower phase with 3 mg mL−1 of the protein (lysozyme).
To obtain the net heat of transfer (Qnet), energy associated with the
formation of microphases from the upper phase dispersed in the
lower phase (Qph) was discounted from the total heat of transfer
(Eq. (3)). For this calculation, samples of the upper phase were also
injected in the pure lower phase (absence of protein).

Qnet = QT − Qph (3)

The amount of protein present in the saline phase to be trans-
ferred to a drop of the added polymeric solution registered peaks
and their areas were proportional to the relative energy transferred
from the protein phase to the upper phase present in the syringe.
Integration of the heating power versus time curves provides the
resulting enthalpy of the transfer process (�trH).

The enthalpy of transfer was calculated considering the num-
ber of moles of protein transferred (np) in each injection (Eq. (4))

using the partition coefficients obtained experimentally. In each
experiment, 20 injections were executed.

�trH = Qnet

np
(4)

In the case of conalbumin, the procedure was the inverse of that
of lysozyme; in this case, successive injections of the saline phase in
the upper phase containing the dissolved protein were performed.
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Table 2
Partition coefficients and theoretical recovery of lysozyme (polymeric phase) and conalbumin (saline phase) for the ATPS PEG–salt systems at 25 ◦C, pH 7.0.

ATPS PEG (% m/m) Lysozyme Conalbumin

KL ytop (%) KC ybottom (%)

PEG–sodium citrate 14.00 1.72 ± 0.04 60.63 ± 0.50 0.31 ± 0.02 78.33 ± 0.96
16.00 2.30 ± 0.01 70.44 ± 0.06 024 ± 0.03 82.63 ± 2.04
18.00 3.85 ± 0.17 77.39 ± 0.79 0.21 ± 0.01 84.28 ± 0.82
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EG–sodium sulfate 14.00 1.01 ± 0.03
16.00 1.18 ± 0.01
18.00 1.46 ± 0.21

. Results and discussion

Aqueous two-phase systems (ATPS) composed of PEG 1500 and
alt were applied to investigate the partitioning behavior of egg
hite proteins (lysozyme and conalbumin). Changes in the type

nd concentration of the salt can alter the partitioning behavior
f biological materials [7]. The PEG–citrate and PEG–sulfate ATPS
re adequate for large-scale purification of biological material and
ermit the use of traditional liquid–liquid extraction equipment
12–13].

.1. Influence of the tie line length (TLL) on protein partitioning

In Table 2, the partition coefficients (KL and KC) and the theo-
etical recovery (y, %) for lysozyme and conalbumin are shown. It
as observed that lysozyme concentrated itself in the upper phase
hile conalbumin preferentially transferred to the lower phase. The

reatest recovery percentages of lysozyme and conalbumin were
ound when using the PEG 1500–sodium citrate systems.

Tie line length (TLL) is proportional to the difference between
ntensive thermodynamic properties for the upper and lower
hases. The partitioning behavior of proteins should preferentially
e expressed as a function of TLL and not relative to only salt or
olymer concentration [14]. The TLL was calculated according to
q. (5):

LL =
√

[�PEG]2 + [�Sal]2 (5)

here [�PEG] and [�Sal] correspond to difference in the PEG and

alt concentrations (% mass), respectively, between upper and lower
hases.

Tables 3 and 4 show the behavior of ln KL and ln KC as functions
f the TLL for lysozyme and conalbumin, respectively. The results
how that partitioning of lysozyme to the upper phase increased

able 3
nfluence of the TLL on ln KL for lysozyme.

TPS TLL ln KL

EG–sodium citrate 28.91 0.556
39.22 0.956
42.15 1.348

EG–sodium sulfate 26.79 0.013
29.74 0.162
35.12 0.379

able 4
nfluence of the TLL on ln KC for conalbumin.

TPS TLL ln KL

EG–sodium citrate 28.91 −1.179
39.22 −1.401
42.15 −1.561

EG–sodium sulfate 26.79 −1.595
29.74 −1.689
35.12 −1.698
63.97 ± 4.46 0.20 ± 0.03 80.94 ± 0.29
66.90 ± 1.63 0.18 ± 0.04 83.33 ± 0.05
72.44 ± 0.28 0.18 ± 0.01 82.61 ± 0.05

with the augment of the TLL, while the contrary was observed for
conalbumin.

For lysozyme, it was verified that the increase in the partition
coefficient was due to the greater PEG concentration in the upper
phase and the higher salt concentration in the lower phase. In the
case of conalbumin, it can be observed from Table 2 that increases
in PEG concentrations resulted in a decrease of protein partitioning
to the upper phase.

3.2. Thermodynamic analysis of the partition

The free energy of transfer (�trG) is defined as the free molar
energy associated with the protein transfer process from the saline
phase to the polymeric phase and is calculated with the classic ther-
modynamic equation (Eq. (6)), using the partition coefficient (K) for
each of the proteins:

�trG = −RT ln K (6)

The relationships between variables of the two studied ATPS at
the temperature of 25 ◦C are shown in Figs. 1 and 2. For lysozyme,
a linear reduction in the free energy of the system was observed
with the increase of the TLL. However, the opposite was verified
for conalbumin, showing that the transfer of this protein from the
lower phase to the upper phase is an unfavorable thermodynamic
process.

Two components make up the �trG, one enthalpic (�trH) and
the other entropic (�trS). The theoretical model developed by
Johansson et al. [15], based on the Flory and Huggins theory,

describes the driving force which rules the partition of a solute in
an ATPS using two analytical equations, one related to the enthalpy
contribution and the other to the entropy contribution.

The enthalpy of transfer (�trH) was obtained experimentally by
isothermal titration microcalorimetry and used to investigate the

Fig. 1. Influence of the TLL on �trG for lysozyme (�: sodium citrate; ©: sodium
sulfate).
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ig. 2. Influence of the TLL on �trG for conalbumin (�: sodium citrate; ©: sodium
ulfate).

ontribution of the enthalpic molecular interactions between the
ifferent ATPS components and the protein. To obtain �trH, the
umber of protein moles transferred to the extractor phase in each

njection was calculated. The integral enthalpy of transfer was then
lotted as a function of the amount of protein transferred and two
ypical results are shown in Figs. 3 and 4. After a linear regression,
he value of �trH was obtained from the angular coefficient of the
ine.

From the values of �trG and �trH, it was possible to calculate
he entropy of transfer using the classic thermodynamic equation
Eq. (7)):

trS = �trH − �trG

T
(7)

In Johansson’s model [13], the entropy contribution in the trans-
er process of a solute to one of the phases is described by Eq.
8):

n K = MMS

�

(
nS

VS
− ni

V i

)
(8)
here K is the partition coefficient of the protein, MM is the
olecular mass, � is the numeric global molecular density of the

TPS, nS and VS are the number of molecules present in the upper
hase and its volume, respectively and ni and Vi correspond to

ig. 3. The integral enthalpy of transfer as a function of the number of lysozyme
oles transferred to the extract phase in ATPS PEG 1500–sodium citrate.
Fig. 4. The integral enthalpy of transfer as a function of the number of conalbumin
moles transferred to the extract phase in ATPS PEG 1500–sodium citrate.

the number of molecules in the lower phase and its corresponding
volume.

Eq. (8) is applied when the absence of enthalpy contributions for
solute partitioning is considered. This way, the solute will prefer-
entially transfer to one phase only if the number of molecules per
unit volume of the phases is different. According to these condi-
tions, partitioning will occur to a phase which possesses the greater
numeric density of molecules (n/V) which is principally determined
by the number of water molecules in each phase. The phase with
the greater numeric density is capable of accommodating a solute
of various different forms (different configurations), increasing the
mixture entropy for that phase.

Considering that entropy contributions are negligible, or that
the numeric densities of the phases of an ATPS are identical, the
enthalpy contribution for solute partitioning is given by Eq. (9):

ln K = −MMS

RT

⎡
⎣ 3∑

i=1

(�S
i − �I

i )wiS −
2∑

i=1

3∑
j=2

(�S
i �S

j − �I
i �

I
j )wij

⎤
⎦ (9)

where ˚i
S and ˚i

I are the volumetric fractions of the component
“i” in the upper and lower phase, respectively, and wij or wiS are the
potential effective pairs, given by Eq. (10):

wij = z
[

εij − 1
2

(εii − εjj)
]

(10)

where wij is the potential effective pair between the ATPS com-
ponents formed by “i” and “j”; wiS is the potential effective pair
between the component “i” in the upper or lower phase with the
solute “s”; z is the total number of potential pairs which occur
between the components of the ATPS “i” and “j” or with the solute
“S” and; εij, εii and εjj are the potential pairs. A positive value of
wij indicates an endothermic interaction (enthalpically repulsive)
between the components i and j.

Eq. (9) shows two enthalpy terms which reflect the differ-
ent causes which provoke solute partitioning. The first term[∑3

i=1(�S
i

− �I
i
)wiS

]
, refers to the difference in energy due to all

types of interactions which occur between the protein and the com-
ponents present in both the upper and lower phases. This term
reflects the tendency of the protein to transfer to a phase with a

greater concentration of the component with which it has a greater
interaction, signified by a lesser value of wiS. The second term of the
equation,

∑2
i=1

∑3
j=2(�S

i
�S

j
− �I

i
�I

j
)wij , represents the difference of

the enthalpy content between the phases, being that this energy
only comes from the different interactions between components of
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Table 6
Thermodynamic parameters for conalbumin in ATPS composed of PEG 1500 and
different salts at 25 ◦C.

ATPS TLL �trG (kJ mol−1) �trH (kJ mol−1) T�trS (kJ mol−1)

PEG–sodium citrate 28.91 2.92 −13.80 −16.72
39.22 3.47 −46.64 −50.11
42.15 3.87 −48.90 −52.77
R. de Cássia Superbi de Sousa et al.

he ATPS. This term does not express the interactions caused by the
roteins.

Therefore,
∑2

i=1

∑3
j=2(�S

i
�S

j
)wij defines the self-energy of each

hase. The dependence of K on the self-energies of the phases is
elated to the fact that the insertion of proteins in one phase requires
he breach of interactions between its components to create a cav-
ty where the proteins collect themselves. If these interactions
re attractive, their disruption will be energetically unfavorable.
owever, if the interactions are repulsive, the formation of a cav-

ty is favorable. Consequently, the protein will be transferred to a
hase with greater (more positive) self-energy, where less energy

s required to break and form new interactions. From the experi-
ental thermodynamic transfer variables, it could be understood
hy lysozyme concentrates in the upper phase and conalbumin in

he lower phase.
Table 5 presents the thermodynamic parameters associated

ith each of the ATPS studied for lysozyme. It can be observed that
he partition of lysozyme to the upper phase is a favorable process
�trG < 0). In the PEG–citrate system, the enthalpic contribution
�trH < 0) drives lysozyme to the upper phase. Therefore, it could be
oncluded that this partition is governed by molecular interactions.
t can also be noted that when the PEG concentration in the upper
hase is increased, and consequently the salt concentration in the

ower phase is increased, the enthalpy value becomes more and
ore negative, thus rendering the transfer process more favorable.

his favorable enthalpy, according to Eq. (9), has two contributions:
ne due to the molecular interaction between the protein and the
omponents of each phase and the other due to the self-energy
f the phases. Increasing the PEG concentration causes the rise in

ntermolecular interactions between the protein and the polymer
nd therefore more energy is released to the system. For example, in
he PEG–citrate system, the PEG phase has greater self-energy (less
nergy spent to separate the PEG–water bond than the water–salt
ond) because of the significant concentrations of PEG and salt
hich repel each other. Hence, with the increase of the PEG concen-

ration, the self-energy of the upper phase also increases, favoring
he partition of the protein to that phase. The greatest numeric den-
ity in the saline phase was found in the PEG–citrate system and for
his reason the protein partition to the upper phase resulted in an
ntropy decrease. For lysozyme, the enthalpy effect compensated
or the high numeric density of the saline phase, causing the protein
o partition to the upper phase.

When analyzing the thermodynamic parameters for lysozyme in
he ATPS containing sodium sulfate (Table 5), it was concluded that
artitioning is governed by entropy; however, this entropy is not
onfigurational entropy. This is due to the fact that lysozyme pre-
umably migrates to the upper phase since water molecules which
ere once interacting with the PEG were liberated and the system

ntropy increased.

Table 6 presents the thermodynamic parameters related to the

ransfer of conalbumin from the lower phase to the upper phase
f the PEG–citrate and PEG–sulfate systems. For the PEG–citrate
ystems, it was concluded that the transfer of conalbumin to the
ower phase is spontaneous and the system absorbs energy, mak-

able 5
hermodynamic parameters for lysozyme in ATPS composed of PEG 1500 and dif-
erent salts at 25 ◦C.

TPS TLL �trG (kJ mol−1) �trH (kJ mol−1) T�trS (kJ mol−1)

EG–sodium citrate 28.91 −1.34 −1.31 −0.03
39.22 −2.06 −6.90 −4.84
42.15 −3.34 −9.16 −5.82

EG–sodium sulfate 26.79 −0.03 2.32 2.35
29.74 −0.40 – –
35.12 −0.94 6.44 7.37
PEG–sodium sulfate 26.79 3.95 42.47 46.42
29.74 4.27 80.03 75.76
35.12 4.21 23.57 19.37

ing the process endothermic. This signifies that the partition is not
governed by intermolecular interactions but by the number of con-
figurations that the protein can assume in the saline phase, due
to the greater content of molecules present in this phase (higher
configuration entropy). The transfer of conalbumin to the upper
phase is enthalpically favorable since the entropic contribution
to the transfer is overshadowed by that of enthalpy. According
to Eq. (8), the protein will partition to the phase with the great-
est numeric density (saline phase). This fact proves that entropy
increases proportionally with the number of distinct configura-
tions the protein is capable of assuming in that phase. This entropic
force increases linearly with the size of the solute and, because
conalbumin has a large molecular weight (77,700 g mol−1), its con-
centration in the saline phase is entropically favorable [15]. It
was also noticed that as the TLL increases, the difference in the
water concentration between the two phases increases, making
the partition of conalbumin to the lower phase more entropically
favorable.

Regarding to sodium sulfate, Table 6 indicates that the partition-
ing of conalbumin to the lower phase is not governed by enthalpy.
This absence of an enthalpy contribution may be due to the unfa-
vorable molecular interactions between conalbumin and sodium
sulfate in the lower phase.

4. Conclusion

The aqueous two-phase systems (ATPS) can be utilized for the
separation of lysozyme and conalbumin since the results obtained
in this study showed that lysozyme tends to concentrate itself in
the upper phase and conalbumin in the lower phase in all ATPS
evaluated. The higher indices of lysozyme recovery in the upper
phase and of conalbumin in the lower phase were encountered in
the PEG–citrate systems. The driving force (enthalpy or entropy)
governing the partitioning behavior of these proteins depends on
the protein structure and on the nature of the salt.
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