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a b s t r a c t

Eight kinds of green ionic liquids were synthesized, and an ionic liquid aqueous two-phase system
(ILATPS) based on 1,1,3,3-tetramethylguandine acrylate (TMGA) guanidine ionic liquid was first time
studied for the extraction of proteins. Single factor experiments proved that the extraction efficiency of
bovine serum albumin (BSA) was influenced by the mass of IL, K2HPO4 and BSA, also related to the
separation time and temperature. The optimum conditions were determined through orthogonal
experiment by the five factors described above. The results showed that under the optimum conditions,
the extraction efficiency could reach up to 99.6243%. The relative standard deviations (RSD) of extraction
efficiencies in precision experiment, repeatability experiment and stability experiment were 0.8156%
(n¼5), 1.6173% (n¼5) and 1.6292% (n¼5), respectively. UV–vis and FT-IR spectra confirmed that there
were no chemical interactions between BSA and ionic liquid in the extraction process, and the
conformation of the protein was not changed after extraction. The conductivity, DLS and TEM were
combined to investigate the microstructure of the top phase and the possible mechanism for the
extraction. The results showed that hydrophobic interaction, hydrogen bonding interaction and the salt
out effect played important roles in the transferring process, and the aggregation and embrace
phenomenon was the main driving force for the separation. All these results proved that guanidine
ionic liquid-based ATPSs have the potential to offer new possibility in the extraction of proteins.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Protein is the material basis of life. Proteins are involved in
every cell and all the other important parts of the body. It is closely
linked to the various forms of life activities. So, it is particularly
necessary to prepare the pure proteins. However, due to the poor
stability, proteins in the conditions of acids, alkali or heating are
easily denatured. Therefore, the separation and purification of
proteins become a bottleneck in the field of biotechnology.

The traditional protein purification methods include ammonium
sulfate precipitation, salting out, electrophoresis, ion-exchange chro-
matography and affinity chromatography. These methods are not only
time and cost consuming, but also making proteins lose activity. The
aqueous two-phase system (ATPS) [1,2] emerged in recent years, is a
clean alternative for traditional organic-water solvent extraction
system. ATPSs are formed when two polymers, one polymer and
one salt, or two salts are mixed at appropriate concentrations or at a
particular temperature [3,4]. The two phases are mostly composed of
water and non volatile components, thus eliminating volatile organic
compounds. Aqueous two-phase system, which is a special case of
ll rights reserved.
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liquid–liquid extraction system involving transfer of solute from one
aqueous phase to another, has been used in biotechnological applica-
tions such as proteins [5,6], enzymes [7], nucleic acids [8,9], anti-
bodies [10] and antibiotics [11,12] as non-denaturing and benign
separation media recently.

Ionic liquid (IL) is a salt in the liquid state at room temperature
because of its lowmelting point. While ordinary liquids such as water
and gasoline are predominantly made of electrically neutral mole-
cules, ionic liquids are completely composed by cations and anions,
also known as low-temperature molten salt [13,14]. Ionic liquids have
many distinctive properties characterized by low vapor pressure, low
combustibility, excellent thermal stability, wide liquid regions, and
favorable solvating properties for a range of polar and non-polar
compounds [15–17]. Because of their unique properties, ionic liquids
are attracting increasing attention in many fields, including organic
chemistry [18–21], electrochemistry, catalysis [22], physical chemistry,
and extraction/separation [23–25].

As an environmentally friendly solvent, hydrophilic ionic liquid
can form an aqueous two-phase system with an appropriate salt.
Ionic liquid aqueous two-phase system (ILATPS), which combines the
advantages of ionic liquid and aqueous two-phase system, has many
advantages that traditional aqueous two-phase system cannot match,
such as low viscosity, short separation time, and the ionic liquid can
be recycled. Therefore, the ILATPS is widely used in the biological
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separation and purification fields. The ionic liquid aqueous two-phase
system was first found in 2002 by Dupont [26]. He had synthesized
the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate
([C4mim][BF4]) by chloride l-butyl-3-methylimidazolium ([C4mim]
C1) and potassium tetrafluoroborate (KBF4). Later in the study, he
had found that hydrophilic ionic liquid [C4mim][BF4] and KCl aqueous
Fig. 1. The structures of th
solution can form two phases. But the ionic liquid aqueous two-phase
system was proposed in 2003 by Rogers' research team for the first
time [27]. They had mixed hydrophilic ionic liquid [C4mim]Cl with
K3PO4 to form an aqueous two-phase system, and found that the top
phase enrichment of ionic liquids, the bottom phase enriched
inorganic salts as well. In the previous works, some investigators
e eight ionic liquids.
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had studied the extraction of medicinal compounds or proteins by
imidazolium ionic liquids [28–30], some others had studied the
applications of guanidine ionic liquids [31] in SO2 absorption [32],
but no one had learned the separation of proteins by guanidine ionic
liquids. Guanidino compounds have attracted widespread concern of
the chemist and pharmacologist for the high thermal and chemical
stability, high catalytic activity, and strong physiological activity.
Moreover, the functional group of guanidino in the living body, plays
an unique role in molecular recognition. And due to the high
dispersion of cationic charge groups on the three nitrogen atoms,
the guanidine ionic liquids can be discretionarily designed and
synthesized.

In this paper, it is reported for the first time for the extraction of
proteins by an ionic liquid aqueous two-phase system based on the
guanidine ionic liquid and hydrogen phosphate. After phase separa-
tion, proteins had transferred into the IL-rich top phase. The con-
centrations of proteins in top phases were determined by measuring
the absorbance at 278 nm for bovine serum albumin (BSA) and
ovalbumin (OVA), and at 404 nm for bovine hemoglobin (BHb) using
a UV2450 UV–vis spectrophotometer. In addition, FTIR, UV–vis,
conductivity, DLS and TEM were used to study the mechanism of
extraction process. It was suggested that aggregation and embrace
phenomenon play a significant role in the separation of proteins. All
these results showed that guanidine IL-based ATPSs have the poten-
tial to offer new possibility in the extraction of proteins.
Fig. 2. The extraction process of ILATPS.
2. Experimental

2.1. Chemicals

1,1,3,3-Tetramethylguanidine (499%, Aladdin Chemical Reagent
Co., Ltd.) was used without further purification. Acrylic acid (≥99.5%)
and Methacrylic acid (≥99%) were purchased from Tianjin Guangfu
Fine Chemical Research Institute. Acetic acid (Sinopharm Chemical
Reagent Co., Ltd.), DL-Lactic acid (West Long Chemical Co., Ltd.),
Maleic acid (The Yamaura Chemical Co., Ltd.), Itaconic acid (Aladdin
Chemical Reagent Co., Ltd.), Sorbic acid (The Yamaura Chemical Co.,
Ltd.) and trans-Cinnamic acid (Tianjin voyage Chemicals Co., Ltd.)
were all of analytical grade. Bovine serum albumin, Bovine hemoglo-
bin and Ovalbumin were all from Sinopharm Chemical Reagent Co.,
Ltd. Various salts, including K2HPO4 �3H2O, K3PO4, K2CO3 and KH2PO4,
investigated for their suitability for the formation of ionic liquid/
aqueous two-phase systems, were purchased from Sinopharm
Chemical Reagent Co., Ltd.

2.2. Apparatus

UV–vis spectra were measured with a UV2450 spectrophotometer
(Shimadzu Corporation). FTIR spectra were recorded on a Spectrum
One FTIR Spectrometer (Perkin Elmer, U.S.). 1H NMR and 13C NMR
spectra were measured with a Varian Inova-400 spectrometer
(Varian, U.S.). A LCQ-Advantage mass spectrometer (Thermo Finnigan,
U.S.) was used for the measurement of the mass of ILs. The DLS
measurements were carried out using a Zetasizer Nano-ZS90 (Mal-
vern Instruments, U.K.). After being dried, the samples were imaged
under a JEOL JEM-3010 transmission electron microscopy.

2.3. Synthesis and characterization of ILs

According to the literature, eight kinds of ionic liquids (as shown
in Fig. 1) consisting of 1,1,3,3-tetramethylguanidinium cation and
different anions (as shown in Table S1), were directly synthesized
by neutralization of 1,1,3,3-tetramethylguanidine (TMG) and eight
different kinds of acids. The synthetic route of the ionic liquids was
shown in Fig. S1. As an example, 1,1,3,3-tetramethylguandine acrylate
(TMGA) was synthesized via direct neutralization of 1,1,3,3-tetra-
methylguanidine (TMG) and acrylic acid (AA) without any solvents.
TMG (50.60 mL, 0.4 mol) was firstly added to a dried 100 mL Single-
necked flask. The flask was equipped with a magnetic stirrer and the
temperature was controlled at 25 1C. AA (33.93 mL, 0.4 mol) was then
added dropwise with a dropping funnel in 2 h. The reaction was
continued for 4 h. Finally, the product was vacuum distilled at 70 1C to
remove unreacted reactants. 1,1,3,3-tetramethylguandine acrylate,
viscous liquid with slight yellow was produced with a yield of
96.32%. The preparation methods of other ILs were similar with
TMGA's. The structures of all the synthetic ILs were confirmed by FT-
IR, 1H NMR and 13C NMR spectra, which were shown in Fig. S2 and
Table S2, respectively.
2.4. Preparation of binodal curves for ATPSs

The phase diagrams were prepared by the turbid titration
method. A few moles of ionic liquid were weighed into a 10 mL
tube. A known concentration of K2HPO4 solution was then added
dropwise to the centrifuge tube until the mixture became turbid
or cloudy. The volume of the salt solution added was recorded and
the composition of this mixture was calculated. Addition of a few
drops of water made the mixture clear again, and the above
procedure was repeated to obtain sufficient data to construct a
liquid–liquid equilibrium binodal curve.
2.5. Extraction and determination of proteins in both phases

An appropriate amount (3.0 mmol) of the ionic liquids were taken
into a 10 mL centrifuge tube. Then, 3 mL K2HPO4 aqueous solutions
with a concentration of 0.50 g/mL were added and 25mg proteins
were mixed in. Afterwards, the mixture was shaken vigorously in a
shaker for 30 min to ensure the transfer of proteins into IL-rich top
phase. The schematic diagram of extraction process was shown in
Fig. 2. After extraction, the concentrations of proteins in top phases
were determined by measuring the absorbance at 278 nm for bovine
serum albumin (BSA) and ovalbumin (OVA), and at 404 nm for bovine
hemoglobin (BHb) using a UV2450 UV–vis spectrophotometer.

Partition coefficient (K) of the proteins between the phases was
calculated by

K ¼ Ct

Cb

Phase volume ratio (R) is defined as volume ratio of the top
phase to the bottom phase:

R¼ V t

Vb
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The extraction efficiency (E) was calculated by the following
equation:

E¼ CtV t

CtV t þ CbVb
¼ KR

1þ KR

where Ct and Cb are the concentrations of proteins in the IL-rich
top phase and the phosphate-rich bottom phase, respectively. Vt

and Vb stand for the volume of the top phase and bottom phase,
separately.
Fig. 4. (a) Effect of the amount of TMGA on the formation of ATPS at 25 1C. 3 mL
K2HPO4 solution (0.50 g/mL) was added into the ATPS and (b) effect of the amount
of K2HPO4 on the formation of ATPS at 25 1C. 3.0 mmol TMGA was added into
the ATPS.
3. Results and discussion

3.1. Phase diagram

Phase diagram data are required for the design of aqueous two-
phase extraction process. The binodal curves determined at 25 1C for
the TMGA/salt and IL/K2HPO4 systems were shown in Fig. 3a and b,
respectively. These binodal curves provide information about the
concentrations of ILs and salts required to form aqueous two-phase
systems. Fig. 3a shows the phase diagram for the aqueous two-
systems of 1,1,3,3-tetramethylguandine acrylate (TMGA) with a series
of salts. It is clear that the ability of these salts for phase separation
follows the order: K3PO44K2HPO44KH2PO44K2CO3, indicating that
less grams of K3PO4 were needed to form an aqueous two-phase
system. However, K2HPO4 was chosen in this study because of its high
solubility in water (1600 g/L), strong phaes-forming ability, as well as
the capability to provide a suitable pH range for phase separation. It
can be seen from Fig.3b that the ability of the ILs for phase separation
follows the order: Acetate4Sorbate4Itaconate4Acrylate4Metha-
crylate4Lactate4Cinnamate4Maleate. Maybe, the phase-forming
ability is associated with their viscosity. It is inferred that the lower
viscosity results in the higher solubility in water, and the higher
solubility in water leads to the stronger phase-forming ability.

In a system consisting of K2HPO4 (0.50 g/mL) and aqueous solution
(3.0 mL), effect of the amount of ionic liquid on the formation of ATPS
at room temperature was studied. The results were shown in Fig. 4a.
Fig. 3. Phase diagram of IL/salt aqueous two-phase s
A further increase in the moles of TMGA guaranteed an increase in
the volume of IL-rich top phase, and a decrease in the volume of
bottom phase. The volume ratio of top phase to bottom phase (R¼
Vt/Vb) was calculated. Finally it was found that the coefficient R
linearly increased by increasing amount of ionic liquid with a slope of
0.18321.

In order to investigate its effect on the formation of the two-phase
system and the capability for phase separation, various concentrations
of K2HPO4 (3.0 mL) were added at room temperature to the system
ystems: (a) TMGA/salt and (b) IL/K2HPO4.
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with a certain amount of TMGA (3.0 mmol). The results were shown
in Fig. 4b. The experiments indicated that further increases in the
concentration of K2HPO4 ensured a slight increase in the volume of
bottom phase, and a decrease in the volume of top phase. Moreover,
the volume ratio of top phase to bottom phase (R¼Vt/Vb) was
calculated, and it was found that the coefficient R decreased linearly
by increasing concentration of K2HPO4 with a slope of −1.7818.
3.2. Single factor experiments

3.2.1. Effect of the kinds of ionic liquids
Eight kinds of ionic liquids with the common cation of 1,1,3,

3-tetramethylguanidine prepared have been investigated for the
extraction of three proteins (BSA, BHb, OVA). The extraction
efficiencies were showed in Table S3. It is obvious that different
ionic liquids have different abilities to extract various proteins, and
BSA is completely transferred into TMGA-rich top phase after
extraction. Therefore, when we take BSA as the object of this
research, TMGA is the best extraction solvent. As an example, the
effect on different kinds of ionic liquids for the extraction of BSA
was shown in Fig. 5a.
3.2.2. Effect of the mass of ionic liquid
As an example, the effect on BSA distribution of the mass of

TMGAwas studied, and the results are illustrated in Fig. 5b. TMGA/
K2HPO4 (0.5 g/mL, 3.0 mL) aqueous two-phase system was used.
20 mg BSA was added. As indicated in Fig. 5b, 88–100% of BSA was
transferred into IL-rich top phase, and the extraction efficiency
was increased with the addition of ionic liquid. When TMGA is
weighed 3.5 mmol, the efficiency is the highest with 99.4547%. It is
the reason that the ionic liquid can form aggregates, and with the
advanced concentration of IL, the number of IL particles is growing
that more BSA aggregates can be enveloped by IL aggregates.
Fig. 5. Effect of kinds of IL (a), mass of TMGA (b), concentration of K2HPO4 (c), mass of BS
K2HPO4 aqueous two-phase system.
3.2.3. Effect of the amount of K2HPO4

As an example, Fig. 5c shows the effect on BSA distribution of
the amount of K2HPO4. TMGA (3.5 mmol)/K2HPO4 (3.0 mL) aqu-
eous two-phase system was used and 20 mg BSA was added. As
indicated in this figure, extraction efficiency changes with the
various concentrations of K2HPO4 over the range of 0.35–0.65
g/mL. It is clear that the extraction efficiency was increased
with the increasing concentration of K2HPO4 solution between
0.4–0.55 g/mL, and when the concentration of K2HPO4 was higher
than 0.55 g/mL, the extraction efficiency had fallen rapidly. The
protein structure is dependent on the hydrophobic/hydrophilic
balance. K2HPO4 is a strong salting-out salt and large amount of
K2HPO4 in protein solution can increase the hydrophobic interac-
tion, leading to the reduction of the solubility of protein in water.
And the reason for the decrease of extraction efficiency when
K2HPO4 concentration was higher than 0.55 g/mL might be that
the protein molecular structure is also controlled by the surface
water of protein. When the bottle phase is highly hydrophilic,
hydrogen bonding interaction between the surface water of
protein and amino acid residue drives protein to transfer into IL-
rich top phase. Therefore, it is likely that the hydrophobic inter-
action, salting-out effect and hydrogen bonding interaction acts as
an important driving force to make protein transfer into IL-rich
top phase.

3.2.4. Effect of the mass of protein
In order to discuss the effect on extraction efficiency of the

mass of protein, TMGA(3.5 mmol)/K2HPO4 (0.5 g/mL and 3.0 mL)
aqueous two-phase system was adopted and the results illustrated
in Fig. 5d. As can be seen from Fig. 5d, the extraction efficiency of
BSAwas nearly 90% when the mass of BSAwas between 10–25 mg,
while out of this range, the extraction efficiency was decreased to
70% or even lower. So, too few or too many mass of protein was
adverse to protein distribution. It is obvious that the number of
A (d), separation time (e), and temperature (f) on the extraction efficiency in TMGA/
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protein aggregates is growing with the increasing mass of BSA. So
it is believed that in the beginning, the extraction efficiency
increases quickly before 10 mg. But the extraction efficiency shows
little change between 10 mg and 25 mg, which is the best scope
for BSA extraction. However, an extraction system has a limited
ability of extraction, so the system is near saturation when BSA
addition is 25 mg. When BSA addition is more than 25 mg, the
extraction quantity may have a little increase, but the extraction
efficiency decreases rapidly.

3.2.5. Effect of the separation time
Separation time is an obvious influencing factor of the extrac-

tion efficiency. The extraction of BSA was carried out over a time
range of 1–60 min, and the time dependence of the extraction
efficiency is illustrated in Fig. 5e. TMGA (3.5 mmol)/K2HPO4 (0.5 g/
mL and 3.0 mL) aqueous two-phase system was adopted and
20 mg BSA was employed. It is shown that within 10 min, the
amount of BSA transferred into IL-based top phase grows linearly
with the increase of separation time. In the range of 10–30 min,
the extraction efficiency obviously increases from 82.3702% to
96.8964%. And when separation time is increased to 1 h, the
extraction efficiency is no longer growing, keeping an extraction
efficiency of almost 97%. Therefore, 30 min was chosen to be an
appropriate separation time.

3.2.6. Effect of the temperature
As an example, the extraction efficiency of BSA was studied over a

temperature range of 20–70 1C, and the results were presented in
Fig. 5f. The TMGA (3.5 mmol)/K2HPO4 (0.5 g/mL and 3.0 mL) aqueous
two-phase system was used and 20mg BSA was employed. It is
obvious that at temperature below 50 1C, BSA transferred into IL-based
top phase remained virtually unchanged, keeping high extraction
efficiency. When temperature kept at 50 1C or higher, BSA was
denaturated because of heat-treated. But according to further research,
denaturation of BSA at 50 1C was reversible while denaturation of BSA
at 60 1C and 70 1C was irreversible. Therefore, the temperature was
controlled not to exceed 50 1C to keep protein unchanged in the
separation process. The possible reason for this phenomenon is that
the hydrophobic interaction enhances with the increased temperature,
but when temperature is high to destroy the hydrogen bonding
interaction between the surface water of protein and amino acid
residue, the formation of hydrogen bond is less influenced by
hydrophobic interaction so that hydrophobic effect weakened. It is
worth mentioning that the suitable temperature is 25 1C, making the
separation process more convenient.

3.3. Orthogonal experiment

The optimize conditions were determined through orthogonal
experiment by mole number of IL (factor A), concentration of
K2HPO4 (factor B), mass of protein (factor C), temperature (factor
D) and separation time (factor E). The results of orthogonal
experiment on five factors and four levels were shown in Table
S4. K1, K2, K3 and K4 mean the average extraction efficiencies of
each factor in each of the level. R is the difference value between
the highest and the lowest values of K. The bigger the difference of
R, the more influence the factor has on the extraction efficiency.
Table S4 shows that the major and minor orders of the five
influencing factors are ACBDE from primary to secondary, and
the optimize conditions are A2B3C4D2E3, when the extraction
efficiency reaches up to 99.6243%.

3.4. Methodological study

Method in this study was validated by the precision experi-
ment, repeatability experiment and stability experiment.
Apparatus precision was investigated by the measurement of the
top phase solution for five times in parallel under the same
conditions. The relative standard deviation (RSD) of extraction
efficiency is 0.8156% (n¼5), explaining the precision of the UV–vis
spectra is excellent. And take five copies of the same sample
measured respectively under the same conditions. The value of
RSD is 1.6173% (n¼5), indicating that the detection method has
good repeatability. Stability experiment was performed by taking a
sample detected continuously in five days under the same condi-
tions. The results show the relative standard deviation (RSD) of
extraction efficiency is 1.6292% (n¼5), proving the sample is
recoverable within five days.

3.5. Extraction mechanism

3.5.1. UV–vis and FT-IR spectra
In order to examine the protein conformation before and after

extraction, UV–vis and FT-IR spectra were investigated for BSA. Fig.
S3 shows the UV–vis spectra of BSA in pure water and in IL-rich
top phase after extraction. It is clear that the maximum absorption
peak of BSA in IL-rich top phase still existed at 278 nm, and the
figures of BSA before and after extraction were similar, suggesting
that there are no chemical bonds between BSA molecules and ILs.

FT-IR spectra provide useful information for identifying the
presence of certain functional groups or chemical bonds in a
molecule or an interaction system, attributable to the unique
energy absorption bands for specific bonding environments or
interactions [33]. Proteins are irregular polymers made up essen-
tially of 20 amino acids with four levels of spatial structure. The
primary structure in a polypeptide chain is its amino acid
sequence, while linear segments of the polypeptide chain (i.e., a
—helices, b—sheets, and b—turns) constitute the secondary
structure, the conformation of which is stabilized by the main-
chain hydrogen bonds [34]. Amide is the basic unit of the peptide
bond: amide I is assigned to both CQO stretching vibration and
ring stretching vibrations, while amide II is assigned to C–N
stretching vibrations. The absorption bands most widely used as
structure probes in protein FT-IR spectroscopy have been the
amide I vibrations, which fall between 1690 and 1600 cm−1 [35].
Fig. S4 shows the FT-IR spectra of pure ionic liquid, pure BSA and
BSA in IL-rich top phase after extraction. It is clear that before
extraction, the absorption band of TMGA (1577 cm−1) and the two
absorption bands of BSA (the amide I band at 1640 cm−1 and the
amide II band at 1542 cm−1) were identifiable in the spectra. When
after extraction, the two absorption bands have changed to be
1620 cm−1 and 1562 cm−1 in the IL-BSA complexity. There was no
disappearance or little shift of the peak, suggesting the conforma-
tion of the protein was not changed after extraction.
3.5.2. The microscopic structure of IL-rich top phase
Examination of the microscopic structure of the IL-rich top phase is

a further understanding of the separation process. Fig. S5 shows the
concentration dependence of the conductivity for aqueous TMGA
solutions at 25 1C. The conductivities exhibit typical behavior with
two linear fragments, and the concentration at which the two linear
fragments intersect is assigned to the critical aggregation concentra-
tion (CAC). The CAC value of the TMGAwas shown to be nearly 0.10 g/
mL. As the IL concentration is greater than the CAC, the IL aggregates
would be formed. Therefore, it is proved that aggregates of ionic liquid
were formed in the top phase of the ATPS (0.2 g/mL IL+2.5 mg/mL
BSA) investigated in the present work. The size distribution of the IL
aggregates was determined by DLS at different concentrations.

As shown in Fig. S6, the aqueous TMGA solution is not micro-
scopically homogeneous, but polydisperse. The average size is 250.4,
374.9, 560.7, 831.8 and 1196.0 nm, when the concentration is 0.10,
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0.20, 0.30, 0.40, 0.50 g/mL, respectively. The size of IL aggregates
increases with the increasing concentration of IL. Fig. S7 shows the
DLS results of the aqueous ionic liquid solution, aqueous protein
solution and aqueous IL+protein solution. It is shown that the size of
mixture aggregate is smaller than IL aggregate and protein aggregate.

Then, TEM images of IL (0.2 g/mL), protein (2.5 mg/mL) and
mixture (0.2 g/mL IL+2.5 mg/mL protein) were measured as a result
of Fig. 6. Fig. 6a shows the conformation of IL aggregate (0.5 μm),
Fig. 6c shows the appearance of protein aggregate (0.2 μm), and
Fig. 6b and d shows the distribution of mixture aggregate in 500 nm
and 200 nm, respectively. From Fig. 6b and d, it can be seen that the IL
aggregates encircle the BSA aggregate (as in the schematic diagram of
the extraction process Fig. 2). Therefore, it is appropriate to state that
the formation of IL aggregates and IL-protein aggregates is the main
driving force in the uptake of protein by ILATPS.
4. Conclusions

This is the first report for the extraction of proteins with an ionic
liquid aqueous two-phase system (ILATPS) based on guanidine ionic
liquid. The greatest benefit of the proposed method is that the
adapted extraction solvent is green and environmentally friendly. In
comparison with the imidazole ionic liquids, guanidine ionic liquids
display more superiority. Guanidino compounds have attracted wide-
spread concern of the chemist and pharmacologist for the high
thermal and chemical stability, high catalytic activity, and strong
physiological activity. Moreover, the functional group of guanidino in
the living body, plays an unique role in molecular recognition. And
due to the high dispersion of cationic charge groups on the three
nitrogen atoms, the guanidine ionic liquids can be discretionarily
designed and synthesized. In addition, besides the single factor
experiments, the orthogonal experiment was performed to acquire
the optimum conditions of extraction of proteins with this ILATPS.
These data fully illustrated the choices of factors in this system. It is
worth to mention that the aggregation and embrace phenomenon is
the virtual governing force controlling the BSA extraction. As the
other driving forces involved in the partitioning of protein between
the IL-rich and phosphate phase, the aggregation and embrace
phenomenon could be applied to a variety of different samples and
exhibited potential value.
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