Talanta 85 (2011) 1621-1626

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Thermodynamic studies of partitioning behavior of cytochrome c in ionic
liquid-based aqueous two-phase system

Yanmin Lu, Wenjuan Lu, Wei Wang, Qingwei Guo, Yanzhao Yang*

Key Laboratory for Special Functional Aggregated Materials of Education Ministry, School of Chemistry and Chemical Engineering, Shandong University, Jinan 250100, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 11 April 2011

Received in revised form 20 June 2011
Accepted 22 June 2011

Available online 30 June 2011

The ionic liquid/aqueous two-phase extraction systems (ATPSs) based on imidazolium ionic liquids were
used to extract cytochrome c. Effects of the alkyl chain length of the ionic liquid cations, concentration
of potassium citrate, temperature and pH on the extraction efficiency have been investigated. The ther-
modynamic parameters (AGr°, AHr® and ASr°) associated with Cyt-c partitioning in aqueous two phase
systems were determined. Thermodynamic studies indicated that the partitioning of Cyt-c was driven
by both hydrophobic and electrostatic interactions in the extraction process. Under the optimum condi-

gi{::gtrfn tions, e_xperiment results sh_owed that94% of the cytochr_om.e ccouldbe gxtracted into the ignic liquid—rich
Aqueous two-phase systems phase in a one-step extraction. The structural characterization of Cyt-c in the IL ATPS was investigated by
Ionic liquid UV-vis and circular dichroism (CD) spectra. The results demonstrated that no direct bonding interaction
Cyt-c observed between ionic liquid and cytochrome c, while the native properties of the cytochrome c were

not altered. Compared with traditional liquid-liquid extractions based on toxic organic solvents, ionic
liquid/aqueous two phase extraction offers clear advantages due to no use of volatile organic solvent and

low consumption of imidazolium ionic liquids.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Aqueous two-phase systems (ATPS) is a very promising technol-
ogy for novel separation and pretreatment [1-3].Itis aliquid-liquid
extraction technique that has been used to establish bioprocesses
for the primary recovery and partial purification of a variety of
biological products, including proteins, genetic material, nanopar-
ticles, low molecular weight products, cells and cell organelles
[4,5]. In recent years, ionic liquids (ILs) based ATPS have attracted
much attention in the field of separation and purification [6-26]
due to their “green” characteristics such as negligible volatility
and non-flammability under ambient conditions, large liquid range,
high thermal and chemical stability, strong solubility power and
the feasibility of structural and functional tenability [8,9]. First IL-
based ATPS have been applied to the extraction of testosterone and
epitestosterone in human urine or the extraction of major opium
alkaloids in Pericarpium papaveris using [C4;mim][Cl]/K;HPO4 sys-
tems [10,11]. An IL-based ATPS using Ammoeng™ 110 has been
applied to investigating the main driving forces of protein parti-
tioning within these systems [12]. The mechanism of ionic liquid
ATPS formation and the extraction behavior of tocopherol homo-
logues were discussed using [Bmim|BF4/Na;CO3 ATPS [14]. The
extraction of proteins by IL-based ATPS was first achieved by Du
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et al. who extracted proteins from human body fluids by employ-
ing a [C4mim][Cl]/K;HPO,4 system [15]. Furthermore, a wealth of
products, such as polyphenolic compounds [16], tocopherol homo-
logues [17], anionic dyes [18], codeine and papaverine [19], and
biomolecules [20-22] have been successfully separated by the IL-
based ATPSs. To the best of our knowledge, less information has
been reported for the activity of protein in IL-based ATPS. In ear-
lier studies, phosphate and sulfate salts were commonly used to
generate ATPS. These salts, however, led to high phosphate or
sulfate concentration in the effluent streams, causing environ-
ment problems [27-30]. One way to reduce the amount of salt
discharged into the wastewater is to substitute these inorganic
salts by citrate, which is biodegradable and nontoxic [26,28-31].
Furthermore, a series of salts were investigated for the informa-
tion of ATPS with [C4mim][Br]. The ability of the salts studied
for phase separation follows the order: K3PO4>K,HPO,4 > K3Cite
(potassium citrate)>K,CO3 [26]. Potassium citrate was finally
selected because of its biodegradability, nontoxicity, as well as a
better ability to promote phase separation. This is the first time
on Cyt-c extraction using 1-hexyl-3-methyl-imidazolium bromide
([Cemim][Br])/potassium citrate aqueous two-phase system.
Cytochrome c (Cyt-c) is a representative hemeprotein that
mediates electron transfer in the mitochondrial respiratory chain.
In 1993, extraction of Cyt-c in sodium dodecylbenzenesulfonate
microemulsions was reported by Claude Jolivalt for the first
time [32]. Tatsuya Oshima separated the Cyt-c successfully using
the extraction system with tOct!8!CH,COOH [33]. Cyt-c was also
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extracted from an aqueous solution into IL phases with DC18C6
[34-36] because the lysine residues of Cyt-c can form a supramolec-
ular complex with crown ethers [37,38]. Ionic liquid was for the
first time employed for selective isolation of heme-protein species
by Wang [39]. In addition, the hemoglobin was extracted by
employing the ionic liquid microemulsion system, which suggested
that the electrostatic interaction was among the main driving
forces for the transfer of hemoglobin from aqueous phase into the
microemulsion [40].

In the present study, we employed Cyt-c from horse heart as
a model protein. The objectives of this work were as follows:
(a) to extract the Cyt-c into ILs-rich phase in the absence of
dicyclohexano-18-crown-6; (b) to investigate the influence of the
different parameters, such as IL type, concentration of potassium
citrate, pH and temperature on the partitioning of Cyt-c; (c) to
obtain the main driving force for the extraction process. Under
the optimum conditions, the Cyt-c retained 91% of its activity and
an enrichment factor was up to 8.8. Furthermore, UV-visible and
CD spectroscopic investigations indicated that there was no direct
chemical bond between the Cyt-c and IL.

2. Materials and methods
2.1. Materials

Bovine serum albumin and Coomassie Blue G250 were obtained
from Sinopharm Chemical Reagent Co., Ltd. Cytochrome c (C7752)
was purchased from Sigma. 1-Ethyl-3-methyl-imidazolium
bromide ([C;mim]Br), 1-butyl-3-methyl-imidazolium bro-
mide ([C4mim]Br) and 1-hexyl-3-methyl-imidazolium bromide
([Cemim|Br) made by Lanzhou Greenchem ILS, LICP. CAS. China.
Ascorbic acid was purchased from Tianjin KaiTong Chemical
Company. PEG was obtained from Shanghai Lingfeng. Potassium
citrate and citric acid were purchased from Tianjin Guangcheng
Chemical Company. All the reagents were of analytical grade. Pure
water was used throughout.

2.2. Aqueous two-phase diagrams

Binodal curves were determined by the turbidimetric titration
method [30,41]. The liquid-liquid equilibrium data (5°C, 25°C,
35°C) for the aqueous 1-butyl-3-methyl-imidazolium bromide
([C4mim][Br])/potassium citrate system were reported by Zafarani-
Moattar and Hamzehzadeh [26]. In present work, the temperature
was fixed at 30°C (0.5 °C) using a bath of circulating water. Stock
solutions of ILs 50% (w/w) and potassium citrate 55% (w/w) were
employed. IL ([C;mim|Br, [C4mim]Br, [Cgmim|]Br) was added drop-
wise to potassium citrate solutions or vice versa, until the solution
turned turbid. The starting and added solution masses were mea-
sured on an analytical balance with a precision of +0.001g. The
composition of the mixture was calculated and taken as a bin-
odal point. A small amount of water was added to biphasic system
until the turbidity disappeared. The above steps were repeated until
enough points were obtained to form the binodal curves. The phase
diagrams are shown in Fig. 1.

2.3. Extraction procedure

To a 10 mL graduated tube, a suitable amount of potassium cit-
rate buffer (50%, w/w), Cyt-c solution and ionic liquid were added.
To polyethylene glycol (PEG)/potassium citrate system, ATPSs were
prepared by weighing out appropriate amounts of 50% (w/w) PEG
stock solution, 40% (w/w) potassium citrate buffer solution, Cyt-
c solution and water in order to achieve the desired final system
composition. All systems were mixed using a vortex mixer and cen-
trifuged for 10 min at 1500 rpm. Then the mixture was allowed to
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Fig. 1. Phase diagrams for the ILs ([Cmim]Br, [C4mim]Br and

[Cemim]Br)/potassium citrate systems recorded at 30°C. The phase diagrams
were determined by turbidometric titration.

set for 30 min at 30°C. The volume of each phase was measured
when the two phases were clear. The phase ratio (R=V;/V},) (where
Vi and V}, are the volumes of the top and bottom phases, respec-
tively) and enrichment factor (F) (defined as F=Viater/Vi) were
calculated.

The distribution of Cyt-c is described by partition coefficient
(K) (given as K=ct/cy,, where c¢; and ¢, are the concentrations of
the Cyt-c in the top and bottom phase, respectively). The extrac-
tion recovery (Ye/%) was defined as the quantity ratio of the Cyt-c
extracted in the top phase to the total Cyt-c in the system.

2.4. Determination of the thermodynamic functions associated
with Cyt-c partition

The Gibbs energy change associated with the Cyt-c partition
in the IL-based ATPS at a given temperature can be calculated by
the known equation (1). The enthalpic change and entropic change
were obtained from the slope and intercept of the linear equation
[42].

AGr® = —RTInK 1)
—AHp°®  ASr°
InK = —=—+—¢ (2)

2.5. The concentration and activity of cytochrome ¢
determination

The Cyt-c concentration was determined by the Bradford
method [43] using Coomassie Blue G250 with bovine serum albu-
min (BSA) as standard. The optical density was measured at 595 nm.

The activity of Cyt-c was estimated by reduction of heme groups
after the addition of ascorbic acid as follows: 2.0 x 10~4 mol/dm3
of ascorbic acid and 4.0 x 106 mol/dm3 of Cyt-c were mixed in a
quartz cell to measure the UV spectrum. The initial reduction rate
coefficient, k, was determined by the following equation [33,44]:

In(Amax — A)

Amax — Amin

= —kt (3)

where A is the absorbance at 550 nm, Amax and Ay, are the max-
imum and minimum absorbances at 550 nm during the assay,
respectively.

All experiments and measurements were conducted in tripli-
cate.
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Fig. 2. Extraction of Cyt-c employed PEG and IL /potassium citrate systems at 30°C. 1: PEG1000 (18%, w/w)/potassium citrate (20%, w/w); 2: PEG2000 (18%, w/w)/potassium
citrate (20%, w/w); 3: PEG4000 (18%, w/w)/potassium citrate (20%, w/w); 4: PEG6000 (18%, w/w)/potassium citrate(20%, w/w); 5: PEG10000 (18%, w/w)/potassium citrate(20%,
wjw); 6: [Camim|Br (6.25%, w/w)/potassium citrate (41.7%, w/w), no phase separation; 7: [C4mim]Br(6.25%, w/w)/potassium citrate (41.7%, w/w); 8: [Cemim|Br (6.25%,

w/w)/potassium citrate (41.7%, w/w). [Cyt-c] =20 p.g/g.
3. Results and discussion
3.1. The preliminary extraction of the Cyt-c

To find out the optimal aqueous two phase system, PEG-based
and IL-based ATPSs were tested in preliminary studies. As shown
in Table 1 and Fig. 2, the extraction efficiencies of Cyt-c in IL-based
ATPSs are substantially higher than that in PEG-based ATPSs. The
results indicate that the Cyt-c inclines to transfer into the upper
phase with a certain level of enrichment using IL-based ATPSs.
However, for all the PEG-based systems studied, the Cyt-c tends
to remain in bottom phase. The IL-based system and 20 pg/g Cyt-c
were employed in the subsequent studies. The effect of Cyt-c con-
centration on its extraction efficiency was nil (data is not shown).

3.2. Studies of ionic liquid aqueous two-phase systems and effect
of the amount of potassium citrate on phase separation

A phase diagram data is required for the design of aque-
ous two-phase extraction process and for the development of
models that predict the partitioning of proteins [8]. Fig. 1
illustrates the phase diagrams of [C;mim]Br, [C4mim|Br and
[Cemim|Br/potassium citrate systems at 30°C. It is obvious that
the ability of ILs for two-phase formation followed the order:

[Comim]Br < [C4mim]Br < [Cgmim]Br, which is in accordance with
the order hydrophobicity of the ILs.

The effect of the amount of potassium citrate on phase behavior
of ILs-based ATPS was also investigated. The results are shown in
Fig. 3(A) and (B). The phase volume ratio (R) exhibited an increase
with the increase of potassium citrate mass at the beginning. On the
contrary, the effect of potassium citrate on the enrichment factor (F)
was just reverse. It could be explained by the fact that the top phase
volume increase greatly at first as the amount of potassium citrate
increase [10]. Under the experiment condition, the enrichment fac-
tors (F) of [C;mim|Br, [C4mim]Br and [Cgmim|Br/potassium citrate
systems were 11-125, 10-96 and 8-14, correspondingly. Note that
there is no emulsion formation in the extraction process.

3.3. Effect of the alkyl chain length of the ILs

For the sake of illustrating the possible effect of alkyl chain
length on the extraction procedure, four different alkyl chain length
ILs ([Cymim]Br, n=2, 4, 6) were used for the experiments. The
results were shown in Fig. 4. At any given mass of potassium cit-
rate studied, the extraction efficiency of Cyt-c is found to follow the
trend: [Cgmim]Br>[C4mim]Br>[C,mim|Br. In general, there are
several competing interactions among the IL, the inorganic salt and
water, such as hydrogen-bonding, interactions, .- interactions,

Table 1

Extraction of Cyt-c used PEG and IL/potassium citrate systems at 30 °C. [Cyt-c] =20 pg/g.
Component 1 Component 2 Yy (%) Ye (%)
PEG1000 (18%, w/w) Potassium citrate (20%, w/w) 92 8
PEG2000 (18%, w/w) Potassium citrate (20%, w/w) 100 0
PEG4000 (18%, w/w) Potassium citrate (20%, w/w) 100 0
PEG6000 (18%, w/w) Potassium citrate (20%, w/w) 100 0
PEG10000 (18%, w/w) Potassium citrate (20%, w/w) 100 0
[Comim]Br (6.25%, w/w) Potassium citrate (41.7%, wjw) No phase separation
[C4mim]Br (6.25%, w/w) Potassium citrate (41.7%, w/w) 51 49
[Cemim]Br (6.25%, w/w) Potassium citrate (41.7%, w/w) 30 70

Y}, : the quantity ratio of the Cyt-c remained in the bottom phase to the total Cyt-c in the system and Y.: the quantity ratio of the Cyt-c extracted in the top phase to the total

Cyt-c in the system.
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Fig. 3. Effect of the mass of potassium citrate on: (A) the phase volumes ratio

(R) and (B) enrichment factor (F) at 30°C. Water (2.5 g)/[C;mim]Br (0.5g), water
(2.42)/[Csmim]Br (0.4 g) and water (2.3 g)/[Cemim|Br (0.3 g) were added in ATPSs.
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Fig. 4. Effect of alkyl chain of ILs on the extraction recovery of Cyt-c. [C;mim|Br
(0.5g),[C4mim]Br(0.4g),[Csmim|Br (0.3 g), and potassium citrate buffer [4.5 g (50%,
w/w)] were added for the ATPS formation. [Cyt-c]=20 pg/g, pH=7.0, T=30°C.

Table 2

The transfer thermodynamic properties for Cyt-c in [Comim]Br/potassium citrate
ATPS at pH 7.0. Potassium citrate buffer [4.5g (50%, w/w)] and [Cemim|Br (0.3 g)
were added for the ATPS formation. [Cyt-c] =20 pg/g.

T(K) K AGr (kJ/mol)  TASr (kjjmol)  AHy® (kj/mol)
278.15 13.14 _595 30.43 24.61

288.15 17.98 ~6.99 31.53

298.15 22.97 777 32.62

308.15 35.92 917 33.71

318.15 5142 -10.42 34.81

hydrophobic interactions, and electrostatic interactions [20-24]. In
the present work, the results indicated that the longer alkyl chain
length of ILs resulted in better extraction efficiency. This obser-
vation is likely related to the hydrophobicity of the IL, which will
turn stronger with the increase of the alkyl chain length [39,45].
Therefore, the hydrophobic interactions play a critical role in Cyt-
c extraction process. The hydrophobic interactions between Cyt-c
and the IL-rich top phase in ILATPS probably are the main driving
force for the Cyt-c extraction.

3.4. Effect of temperature on the extraction efficiency

The effect of temperature on the extraction efficiencies of Cyt-c
were investigated using [Cgmim]Br/potassium citrate system. The
results are shown in Table 2 and Fig. 5. It can be observed that the
extraction of Cyt-c is a spontaneous process (AGr°® < 0; ASt° > 0).
Meanwhile, the value of T ASt° is always greater than that of AH7°.
It indicates that partition of the protein is controlled by entropy
changes, which is the characteristic of hydrophobic interaction
[46]. The hydrophobic interaction is a type of entropic forces. In
the case of hydrophobic interactions, the entropy change is positive
[47]. The ASr° calculated for the Cyt-c extraction is indeed posi-
tive. The entropy and enthalpy change for the extraction of protein
is characterized by positive values, and therefore endothermic and
entropically driven[12]. Therefore, the thermodynamic studies also
demonstrate that the hydrophobic interactions are the main drov-
ing force for the extraction of Cyt-c in [Cgmim|Br/potassium citrate
aqueous two phase system. The similar mechanism was reported
for BSA partitioning in IL/phosphate system [8,12]. As shown in
Fig.5,alinear correlation was found between In Kand 1/Twithin the
temperature range of 5-45°C. Over the investigated temperature
range, the enthalpy change (AH7°) is constant and the partition

4.0
|}
3.6+
M 3.2
— | |
28
n
24 T T T T T T T T T
312 324 336 348 3.60
1Tx10%/ K]

Fig. 5. The plot of InK versus 1/T produces a straight line. [Csmim]|Br (0.3 g) and
potassium citrate buffer [4.5 g (50%, w/w)] were added for the ATPS formation. [Cyt-
c]=20pg/g, pH=7.0.
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Fig. 6. Effect of pH on the extraction recovery of Cyt-c. [Csmim]Br (0.3 g) and
potassium citrate buffer [4.5g (50%, w/w)] were added for the ATPS formation.
[Cyt-c] =20 pg/g, T=35°C.

coefficient (K) of the Cyt-c increases as the temperature rises. How-
ever, Zafarani-Moattar [26] reported that the phase-forming ability
decreased as the temperature increased. The following studies were
carried out at 35°C.

3.5. Effect of pH on the extraction efficiency

In order to examine the effect of pH, the systems were pre-
pared in different buffers with the pH ranging from 6 to 12 (Fig. 6).
[Cemim]Br/potassium citrate aqueous systems cannot form two
phase at pH below 6.0. The protein carries a net negative charge
when the pH of the system is higher than the isoelectric point
(pl) of the protein. While the pH of the system is below its pl, the
result will be reversed. As Cyt-c became more positive (pI=10.3) by
decreasing pH (10.0-6.0) of the system, an increase of the extrac-
tion recovery was observed (Fig. 6). It can be explained that the
positively charged amino acids on a proteins’ surface interact with
the inorganic salts’ anions which allow the interaction with the
positively charged IL-cation [12]. The recovery achieved the min-
imum value when the pH of the system was close to the pl of the
Cyt-c. As the pH value is above the pl of the Cyt-c, the recovery
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0.0 1

y T T T d T b T ) T 4 T
200 300 400 500 600 700 800
A /nm

Fig. 7. UV-vis spectra of Cyt-c in pure water and in [Csmim]Br-rich top phase. Solid
line: [Cyt-c] =25 wM; broken line: [Cyt-c] =20 wM.
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Fig. 8. CD spectra of Cyt-c in pure water and in [Cgsmim|Br-rich top phase. Solid line:
[Cyt-c] =25 wM; broken line: [Cyt-c] =20 wM.

is slightly enhanced. The outcome can be interpreted by another
mechanism. The negatively charged residues of proteins interact
with the positively charged imidazolium cation. To sum up, the
experiment indicates that the pH of the IL-based ATPS plays an
important role in the Cyt-c partitioning. It is confirmed that electro-
static interactions are also the main driving force governing Cyt-c
partitioning in [Cgmim|Br/potassium citrate system.

3.6. Structural characterization and activity of Cyt-c in the
extraction system

As shown in Fig. 7, the UV-vis absorption peak of Cyt-c is at
409 nm. It is obvious that the absorptions for Cyt-c are almost iden-
tical in despite of the composition of the matrices. The result clearly
indicates that no direct bonding interaction generated when the
Cyt-c was extracted into the top [C¢mim|Br-rich phase.

Next, the secondary structure and activity of Cyt-c in the pure
water and top IL-rich phase after extraction were investigated
respectively. Fig. 8 shows the CD spectra of Cyt-c before and after
extraction. A negative (412 nm) peak and positive (400 nm) peak
generated due to a split cotton effect are observed in the two
medium. It is indicated that the secondary structure of the Cyt-c
in IL-rich phase is unaltered. Unfortunately, the tertiary structure

0.0 = in water
O in ionic liquid
-0.3 1
= 0.6
094
124
1 T T T L T 1
0 100 200 300 400 500 600

time/s

Fig. 9. Activity of the Cyt-c was measured by reaction of Cyt-c with ascor-
bic acid. [Ascorbic acid]=2.0 x 10~4 mol/dm? and [Cyt-c]=4.0 x 10-¢ mol/dm?>. The
absorbance was determined at 550 nm. y =In {(Amax — A)/(Amax — Amin)}-
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could not be measured accurately due to the impermeability of IL
for short-wavelength light.

The activities of Cyt-c as an electron-transfer protein before and
after extraction process were evaluated by the initial reduction
rate coefficient (k). As shown in Fig. 9, In{(Amax — A)/(Amax — Amin)}
against reaction time (t) gave satisfactory linear relationships. The
initial reduction rate coefficient (k) of the reactions before and after
extraction were 0.0022 and 0.0020, respectively, which obtained
by linear least-square analysis (Fig. 9). Under the extraction condi-
tions, the Cyt-c retained 91% of its activity, compared to the initial
protein solution before the extraction step.

4. Conclusion

Extraction of Cyt-c using [Cgsmim|Br/potassium citrate has been
successfully accomplished. Thermodynamic studies indicated that
the partitioning of Cyt-c was driven by both hydrophobic interac-
tions and electrostatic interactions in the extraction process. The
enthalpy was calculated to be 24.61 kJ/mol, which suggested that
the extraction process of the Cyt-c was endothermic. The optimal
system consisted of 0.3 g [Cgmim]Br and 4.5 g potassium citrate
buffer (50%, w/w, pH 6.0) at 35°C. Under these conditions, a high
recovery (94%) and activity (91%) were obtained in the IL-rich top
phase. UV-vis and CD spectra of Cyt-c in IL-rich phase proved that
the structure of Cyt-c has not been altered after extracted into IL-
rich phase. The results demonstrated that this aqueous two-phase
system has the potential to be applied to extraction and concentra-
tion of Cyt-c.
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