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Abstract

This is a study on the recovery and recycling of copolymer in aqueous two-phase systems containing random copolymers
of ethylene oxide (EO) and propylene oxide (PO). The random copolymers separate from water solution when heated above
the lower critical solution temperature (LCST). The primary phase systems were composed of EOPO copolymer and
hydroxypropyl or hydroxyethyl starch. After phase separation the upper EOPO phase was removed and subjected to
temperature induced phase separation. Copolymers with different EO/PO compositions have been investigated, EO50PO50
[50% EO and 50% PO (w/w)], EO30PO70 and EO20PO80. The temperature required for thermoseparation decreases when
the PO content of the copolymer is increased. The effect on the recovery of copolymer after addition of salts, a second
polymer or protein was investigated. The added components increased the recovery of copolymer after thermoseparation,
e.g., increased the amount copolymer separated from the water phase after thermoseparation. Recycling of copolymer and
measurements of polymer concentrations in the primary top and bottom phases after repeated recycling steps was performed.
The fluctuation in polymer concentration of the phases was very small after recycling up to four times. Partitioning of the
proteins BSA and lysozyme was studied in primary phase systems after recycling of copolymer. The partition coefficients of
total protein and lysozyme was not significantly changed during recycling of copolymer. More than 90% of the copolymer
could be recovered in the thermoseparation step by optimising the temperature and time for thermoseparation. In repeated
phase partitionings in EOPO–starch systems the EO50PO50 copolymer could be recovered to 77% including losses in
primary system and thermoseparation, which is equivalent to a total copolymer reuse of 4.3 times.  2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction poly(ethylene glycol)] [1]. The former system is
formed due to polymer–polymer incompatibility and

Aqueous two-phase systems offer a mild method the latter is formed by salting out of the polymer
to separate biomaterials [1]. One reason for this is with phosphate or sulphate salts. A typical PEG–
the high water concentration in both phases. The dextran system contains 10–20% polymer in both
traditional aqueous two-phase systems have been the phases. A typical PEG–salt system contains 20–30%
PEG–dextran and PEG–salt systems [PEG5 PEG plus salt in the top phase, 10–15% phosphate or

sulphate salt in the bottom phase.
The PEG–salt system has been extensively used*Corresponding author. Fax: 146-46-2224-534.
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zymes [2–8]. These systems have been shown to be tion [10–12]. In the first stage the target protein is
cost efficient for primary protein recovery [9]. A partitioned to the EOPO-rich phase in the primary
novel aqueous two-phase system for large-scale use EOPO–starch aqueous two-phase system (see Fig.
has been introduced where the systems are formed 1). In the second stage the EOPO-rich phase is
by starch derivatives, hydroxypropyl starch, and removed and the temperature is increased above the
random copolymers of ethylene oxide (EO) and cloud point of the EOPO copolymer. A new two-
propylene oxide (PO) [10–12]. The starch deriva- phase system is formed with an EOPO-rich bottom
tives are low-cost substitutes for dextran and the phase and a top phase which is enriched in water. In
EOPO copolymers are recyclable. The EOPO co- this water–polymer two-phase system the proteins
polymers are thermoseparating, i.e., over a critical are quantitatively partitioned to the water phase
temperature (the cloud point) the polymer separates [11,17]. The thermoseparating copolymer forms the
from the water solution and a new aqueous two- bottom phase in the thermoseparation step and the
phase system is formed where a water phase is in copolymer concentration in the bottom phase after
equilibrium with a polymer phase. Many ther- thermoseparation is above 40% (w/w). The lower
moseparating polymers contain ethylene oxide mixing entropy in this polymer rich phase compared
groups. PEG is a thermoseparating polymer [13] but to the water rich phase can explain why proteins are
its cloud point is too high (above 1008C) for use in a strongly excluded from the polymer rich phase [18].
thermoseparating process for the separation of The protein-free EOPO copolymer can be recycled to
biomaterials. Several studies have been performed on the primary phase system for a new extraction.
the thermoseparation of polyethylene oxide polymers Due to the low cost of the starch polymer and the
[13–15] and EOPO copolymers [16]. Random co- possibility to recycle the EOPO copolymer this type
polymers of ethylene oxide and propylene oxide of aqueous two-phase system is an attractive alter-
have lower cloud points than PEG. Ucon 50 HB- native to the PEG–salt system in large-scale ex-
5100 (Ucon) and Breox 50A 1000 (Breox) are tractions. One advantage with the thermoseparating
random copolymers of 50% EO and 50% PO. These system is that low salt concentrations can be used
polymers have a cloud point of 508C, and they have and thus there is low risk for salting out and
been used in separation systems for protein purifica- precipitation of protein. Another advantage is that

Fig. 1. Purification of a target protein in an aqueous two-phase system with recycling of EOPO copolymer by thermoseparation. Black dots
symbolise the target protein and white dots the bulk proteins. The target protein is recovered in the top EOPO phase in the primary phase
system, whereafter the top phase is isolated and heated over the cloud point of the copolymer. After thermoseparation the target protein is
recovered in the water rich top phase and the bottom copolymer enriched phase is free of protein. The copolymer phase is recycled and used
in a new extraction.
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the target protein is recovered in a water solution USA). As bottom phase forming polymer the starch
after the thermoseparation of EOPO copolymer derivatives Reppal PES 100 (M 165 000, M /M 5w w n

which facilitates the further downstream processing. 2.15), a hydroxypropyl starch from Carbamyl (Kris-
The focus in this paper is on recovery and tianstad, Sweden), and Solfarex A85, a technical

recycling of EOPO copolymer by thermoseparation. grade hydroxyethyl starch from AVEBE (Veendam,
There have been a number of articles published The Netherlands), were used. All salts and reagents
describing the use of EOPO copolymers in aqueous used were of analytical-reagent grade.
two-phase systems but few have discussed the
practical aspects of the thermoseparation. We have 2.2. Protein
now studied different alternatives to influence the
thermoseparation to obtain optimal copolymer re- The proteins used were fatty acid-free bovine
covery. This includes the time and temperature that serum albumin (BSA) obtained from Boehringer
is required for separation and how different types of Mannheim (Mannheim, Germany) and hen egg
added components such as salts, proteins and a lysozyme obtained from Sigma (St. Louis, MO,
second polymer influence the thermoseparation. The USA).
thermoseparating polymers used are all random
copolymers of ethylene oxide and propylene oxide 2.3. Two-phase systems
and the role of EO/PO composition was studied. As
bottom phase forming polymers different derivatives All polymer concentrations were calculated as %
of starch were included in the primary system: (w/w). The starch polymers were dissolved in water
hydroxypropyl starches (Reppal PES) and hydroxy- and added from stock solutions, 28%. The copoly-
ethyl starch (Solfarex A85). The polymers used in mers were added as pure substances. Buffers and
the primary two-phase system will influence the salts were added from 1 M stock solutions. Aqueous
thermoseparation of the EOPO phase. Our results two-phase systems were prepared with a final mass
show that the copolymer recovery is more dependent of 10 g. All samples were prepared in 15-ml
on the temperature than the time for thermosepara- graduated glass tubes of 110 mm315 mm I.D. The
tion. With sufficient heat transfer 5 min for ther- systems were separated at room temperature and the
moseparation is enough for effective copolymer phase separation was enhanced by centrifugation, 5
recovery. Higher PO content in the copolymer gives min at 1800 g. The phases were separated and the
lower cloud point and higher molecular mass of the top EOPO phase was placed in a water bath to
copolymer leads to a more efficient thermoseparation perform the temperature-induced phase separation.
and recovery. Addition of salt, protein or a second For study of copolymer recovery also pure EOPO–
polymer also increases the recovery of copolymer at water systems were used. Solutions of 10% (w/w)
the thermoseparation of the EOPO phase. The re- EOPO copolymer in water were prepared and the
cycling of EOPO copolymer could be performed different components (salt, protein, starch polymer)
without affecting the protein partitioning in the were added.
primary phase system.

2.4. Temperature-induced phase separation

2. Materials and methods Top copolymer phases from the primary phase
system or aqueous EOPO solutions were placed in a

2.1. Chemicals thermostated water bath for the thermoseparation.
Graduated 15-ml glass tubes of 110315 mm I.D.

The thermoseparating polymers studied were: were used. To improve the phase separation the
Breox PAG 50A 1000 (EO50PO50) (M 3900) from tubes were centrifuged for 30 s at 1000 g after ther

International Speciality Chemicals (Southampton, heating. The cloud points for the different copoly-
UK), EO30PO70 (M 5400) and EO20PO80 (M mers were determined by slowly increasing ther r

3400) from Shearwater Polymers (Huntsville, AL, temperature on 10% solutions of the copolymer. The
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temperature at which the copolymer solution started EOPO copolymer recovered in the lower polymer
to become turbid was taken as the cloud point of the enriched phase after thermoseparation and m isstart

copolymer. The coexistence curves were obtained by the total mass of EOPO copolymer in the top EOPO
determining the copolymer concentration in the phase of the primary phase system or in a water–
water-rich and copolymer-rich phases after ther- EOPO solution.
moseparation for 30 min.

2.8. Recycling of copolymer
2.5. Determination of phase composition

The concentration of copolymer was determined in
The refractive index standard curves for the the phases after thermoseparation. This was per-

polymers, salts and proteins were determined at 208C formed in a reference primary phase system without
with a refractometer from Carl Zeiss (Oberkochen/ protein. The primary top phase was placed in a water

¨Wurtt., Germany). The refractive index of the top bath 158C over the cloud point of the copolymer for
and bottom phase was determined and the contribu- 5 min. The copolymer concentration was calculated
tion from starch polymer, salt and protein was by measuring the refractive index. These data were
subtracted from the total refractive index. The re- used as reference for calculating the recovery of
sulting refractive index is due to the contribution copolymer during the recycling experiments.
from the copolymer which thus gives the concen- In the recycling experiments the primary phase
tration of EOPO copolymer. The starch polymer system was weighed, mixed and the phases sepa-
concentration was determined by measuring the rated. The top phase was isolated and weighed into a
optical rotation using a digital polarimeter (Model new tube with known mass. The thermoseparation
AA-10) from Optical Activity (London, UK). Stan- was performed at 158C over the cloud point of the
dard curves for the starch polymers were prepared copolymer for 5 min, whereafter the tube was
and the concentration of the starch polymer in the centrifuged for 30 s at 1000 g. The water phase was
different phases was determined. The salt concen- pipetted from the copolymer phase and the tube with
tration was determined by measuring the conduc- copolymer was weighed. The recovery of the co-
tivity, using a Metrohm 644 conductometer (Herisan, polymer could be calculated by knowing the mass of
Switzerland). the copolymer phase and by using data from the

reference system on the concentration of copolymer
2.6. Protein partitioning in this phase. To the tube containing recycled

copolymer new fresh bottom phase polymer was
The partitioning of molecules in two-phase sys- added, plus some addition of copolymer to make up

tems is described by the partition coefficient K. It is to the initial concentration, and other phase com-
defined as the concentration of the target molecule in ponents, i.e., salt and protein.
the top phase, C , divided by the concentration in theT

bottom phase, C : K5C /C . The total proteinB T B

concentration was determined by measuring the 3. Results and discussion
absorbance at 280 nm. The spectrophotometer used
was UV-2101 PC from Shimadzu (Kyoto, Japan). In the last years there have been a number of
Lysozyme concentration was determined by measur- studies on the use of EOPO–starch aqueous two-
ing the enzyme activity with Micrococcus lysodeik- phase systems to purify proteins [10–12]. In this
ticus cells as substrate [19]. type of aqueous two-phase system the aim is to

recover the target protein in the top EOPO phase and
2.7. Determination of copolymer recovery the contaminating proteins should be partitioned to

the bottom starch phase (Fig. 1). After extraction in
The polymer recovery (R ) after thermosepara- the primary phase system the top EOPO enrichedpol

tion have in these studies been defined as: R 5 phase is removed to a separate vessel and heatedpol

m /m where m is the mass of over a critical temperature. In this way the main partthermosep. start thermosep.
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of the EOPO copolymer can be recovered and reused Phase diagrams for the EO50PO50–Reppal PES 100
in a new aqueous two-phase extraction. and PES 200 [12], EO30PO70–Reppal PES 100 [11]

The recovery of the copolymer by thermosepara- and EO50PO50–hydroxyethyl starch (Solfarex A85)
tion will be affected by the heat transfer capacity and [12] systems have previously been published. As
the geometry of the vessel. The sample in a narrow seen in Fig. 2 the segregation between the two
tubing will be more effectively heated than sample in polymers is not complete, i.e., in the top phase there
a wide tube. The problem of losses of sample in the will be bottom phase polymer present and vice versa
interface upon separating the phases is also affected for the other phase. Thus, some EOPO copolymer
by the geometry of the vessel. In a small tube the will be lost in the primary bottom phase and the total
interfacial area is much smaller and thus less sample recovery of EOPO copolymer after thermoseparation
will be lost in the interface compared with a wider when calculated from the primary phase system can
tubing. The recovery of copolymer in the ther- never be 100%. However, with polymers of higher
moseparating aqueous two-phase system (Fig. 1) has molecular mass the segregation of the polymers will
been studied as an effect of the components added to be more complete which will increase EOPO re-
the system as well as temperature and time of phase covery [1].
separation. One type of sample tube was used
throughout which gave the same vessel geometry in 3.2. Copolymer coexistence curves
all the experiments.

The three copolymers studied have different EO/
3.1. Phase diagrams for two-polymer systems PO compositions and different molecular masses.

EO20PO80 has the lowest cloud point (lower critical
A phase diagram for the aqueous two-phase solution temperature, LCST), 308C, and EO30PO70

system with the polymers EO20PO80 and hydroxy- and EO50PO50 have LCSTs at 40 and 508C, respec-
propyl starch (Reppal PES 200) is shown in Fig. 2. tively. In Fig. 3 the coexistence curves for the three
Reppal PES 200 (M 210 000) is an identicalw

hydroxypropyl starch to Reppal PES 100 (Mw

165 000) with a slightly higher molecular mass.

Fig. 3. Coexistence curves for the random EOPO copolymers
investigated, EO20PO80 M 3400 (d), EO30PO70 M 5400 (s)r r

and EO50PO50 M 3900 (m). The experimental point in ther

thermoseparation experiments at 10% copolymer concentration
and 158C over the LCST has been indicated on the tie lines. The

Fig. 2. Phase diagram for EO20PO80–Reppal PES 200 in water curves were determined for pure copolymer in water solution.
solution at 208C. The region above the binodal curve is the Above the coexistence curve the solution will separate into one
two-phase region. The tie lines connecting two points in the water phase with low copolymer concentration and one aqueous
binodal curve describes the concentration of polymer in the top phase enriched in copolymer. Below the coexistence curve the
and bottom phase, respectively. copolymer solution will exist in one homogeneous phase.
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different EOPO copolymers are shown. The EO50PO50 case the measured copolymer recovery
EO20PO80 and EO30PO70 polymers have very was significantly lower than the calculated value, 69
similar coexistence curves. It is only the lower and 84%, respectively. This can be due to that 5 min
critical solution temperature that differs. After ther- at 658C is not a sufficient time for a total ther-
moseparation at 158C over the LCST both polymers moseparation of the EO50PO50 polymer. The co-
give water phases with low polymer concentration polymer with the highest molecular mass,
and polymer phases which are more than 75% EO30PO70 M 5400, gave the highest copolymerr

concentrated in copolymer. The water phase of the recovery after thermoseparation, 96%. A general
EO50PO50 system has a higher polymer concen- effect for thermoseparating polymers is that phase
tration compared with the two other EOPO co- separation of polymer from water is more efficient
polymers and the copolymer phase after thermosepa- for larger polymers [13].
ration is much less concentrated, 45% copolymer.
This can be explained by the fact that the EO50PO50 3.4. Effect of temperature and time for phase
copolymer has the lowest hydrophobicity of the separation
studied copolymers, i.e., the lowest content of PO,
and thus the lowest tendency to separate from water The recovery of copolymer will be affected by the
solution. temperature and time for the thermoseparation. To

determine these effects 10% (w/w) EOPO copoly-
3.3. Polymer recovery after thermoseparation mer solutions in water were prepared and the re-

covery of copolymer after thermoseparation was
Recovery in the thermoseparation step was studied examined (Table 2). It is important to determine

using pure water–EOPO copolymer mixtures. The these effects as a judicious choice of the thermosepa-
total recovery of copolymer after thermoseparation ration parameters will improve the copolymer re-
for 5 min is shown in Table 1. To be able to compare covery and the separation of protein from copolymer.
the results for the EOPO copolymers a temperature Thermoseparation at different temperatures
was selected at 158C above respective cloud point. In showed that the recovery increased with the tempera-
this way the recovery of the copolymer could be ture, Table 2. This effect is not linear and with
correlated to the phase behaviour of the copolymers EO30PO70 and EO20PO80 at temperatures more
after thermoseparation. The recovery of copolymer is than 158C over the lowest cloud point (LCST) there
determined by the coexistence curves shown in Fig. was no further increase in the recovery of copolymer
3. From these curves the concentrations in the from, 96 and 90%, respectively. From the coexist-
copolymer and water phases and the volume ratio of ence curves (Fig. 3) it can be seen that the polymer
the phases can be determined. Thus, the recovery of concentration in the copolymer phase does not
copolymer was measured and compared with the change significantly at temperatures more than 158C
calculated recoveries using the phase diagram (Table over the LCST. The copolymer concentration in the
1). For EO20PO80 and EO30PO70 the calculated water phase approaches zero which will have an
and measured recoveries are similar. In the effect on the recovery (Fig. 3). From the phase

Table 1
aCloud points and recovery for the EO20PO80, EO30PO70 and EO50PO50 copolymers

Molecular mass Cloud point Measured polymer Calculated polymer
(8C) recovery (%) recovery (%)

EO20PO80 3400 30 9063 90
EO30PO70 5400 40 9663 96
EO50PO50 3900 50 6963 84

a The cloud points and copolymer recoveries were determined for 10% (w/w) water solutions of the copolymers. The recovery was
determined after thermoseparation for 5 min at 158C above the cloud point of each of the copolymer. The calculated polymer recoveries
were calculated from the volume ratio and polymer concentrations obtained from the tie lines for the respective copolymers (Fig. 3).
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Table 2
aRecovery of copolymer in the polymer enriched phase after thermoseparation, as a function of time and temperature

Time Recovery (%)
(min)

EO50PO50 EO30PO70 EO20PO80

608C 658C 508C 558C 608C 658C 358C 408C 458C 558C

5 22.3 69.2 92.8 95.9 97.0 96.0 No separation 62.3 90.0 87.9
10 39.3 70.9 93.9 95.6 97.1 – 7.8 64.4 87.5 –
15 46.9 63.7 93.7 96.4 96.6 – – – – –
30 45.8 62.7 93.5 96.5 97.0 – – – – –

a Three different copolymers were investigated, EO50PO50, EO30PO70 and EO20PO80. The initial copolymer solutions were 10%
(w/w) copolymer in water. Thermoseparation at the indicated temperatures resulted in formation of a water and a copolymer enriched phase.
The recovery of copolymer was determined by weighing the copolymer phase and measuring the copolymer concentration.

diagram it can be seen that an increased molecular temperature than on separation time after a minimum
mass of the copolymer will give a water phase with time of 5 min for the phase separation.
lower concentration of copolymer. Thus, more of the
copolymer can be recovered after thermoseparation if 3.5. Bottom phase polymer: effect on EOPO
a copolymer of higher molecular mass is used. recovery

The time for the thermoseparation also has a
critical role in the recovery of copolymer. In Fig. 4 The phase composition of a two-phase system
the recovery of EO30PO70 (Table 2) is shown as a with two polymers in water will depend on the
function of time at three different temperatures. At 5 chemical properties and molecular mass of the
min the recovery was higher than 94% and after polymers [1]. Polymers of higher molecular mass
10–15 min a threshold value was reached after separate from each other at lower polymer con-
which copolymer recovery no longer increased. The centrations than the corresponding polymers of lower
recovery of copolymer has a stronger dependency on molecular mass. The segregation of the polymers is

Fig. 4. The recovery of EO30PO70 copolymer after thermoseparation at 508C (j), 558C (d) and 608C (m) for different times, 5–30 min.
The initial solutions were 10% (w/w) of copolymer dissolved in water.
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Table 3 Reppal PES 100. Conversely, the concentration of
The polymer concentrations in the top phase in the primary phase starch polymer is decreased in the top phase when
system when different starch polymers were used as bottom phase

a Solfarex A85 is used instead of Reppal PES 100.forming polymer
Both of these effects are due to the increased

EOPO copolymer Starch polymer molecular mass of Solfarex compared with Reppal.
10.8% / EO50PO50 3.7% / Reppal PES100 In Table 4 the recovery of copolymer (EO50PO50)

after thermoseparation is shown as a function of15.7% / EO50PO50 1.4% / Solfarex A85
additions of salts and starch polymers. The recovery

11.2% / EO30PO70 3.0% / Reppal PES100 of copolymer was calculated after thermoseparation
13.2% / EO30PO70 1.1% / Solfarex A85 of 10% EOPO–water solution. For study of the

a effect of bottom phase polymer a concentration ofThe mixed systems had the total composition 13% starch
3% starch was selected as this is a typical con-polymer and 6% EOPO copolymer. The systems were phase

separated at 218C. centration of starch obtained in the EOPO phase after
the extraction in the primary phase system. The
thermoseparation of pure EO50PO50 in water gave a
copolymer recovery of 69% (Table 4). The addition

also more complete, i.e., there will be less of the of Reppal PES 100 or Solfarex A85, 3% (w/w), to
bottom phase forming polymer in the top phase if the copolymer solution increased the copolymer
polymers of high molecular mass are used. Thus, it is recovery to 86 and 87%, respectively. The reason for
necessary to study how the choice of bottom phase improved recovery of copolymer after addition of the
polymer in the primary phase system affects the starch polymer may be due to the incompatibility
recovery of copolymer at thermoseparation. A higher between the polymers. The concentration of starch
molecular mass of the bottom phase forming poly- polymer is under the critical concentration required
mer in the primary system may increase the recovery for obtaining two phases but the concentration is
of EOPO polymer. Secondly it is important to study high enough for effectively repulsive interactions
if and how the presence of a low concentration of between the copolymer and the starch derivative.
polymer from the primary system affects the ther- This may lead to more rapid phase formation of
moseparation step. copolymer during the thermoseparation. The same

Table 3 shows that the concentration of EOPO effect was observed also for EO30PO70 and
copolymer in the top phase in the primary system EO20PO80 but as the recovery is already high for
increases when Solfarex A85 is used instead of these copolymers in pure water solution the effect of

Table 4
aThe effect on copolymer recovery after addition of different salts or polymers to the EO50PO50 solution

Addition Recovery of EO50PO50 copolymer (%)

– 69
10 mM sodium phosphate 91
100 mM sodium phosphate 94
10 mM sodium sulphate 92
100 mM sodium sulphate 95
10 mM sodium chloride 89
100 mM sodium chloride 90
3% Reppal PES 100 86
3% Reppal110 mM sodium phosphate 92
3% Solfarex 86
3% Solfarex110 mM sodium phosphate 90

a The recovery of EO50PO50 was determined after thermoseparation at 658C for 5 min. The copolymer solution was 10% (w/w)
EO50PO50 in water.
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Table 5a second polymer becomes smaller than for the
The effect on the recovery of copolymer after addition of 10EO50PO50 copolymer. amg/ml of BSA to the copolymer solution

% Recovered copolymer

3.6. Salt addition: effect on EOPO recovery EO20PO80 EO30PO70 EO50PO50

No protein 90.063 95.963 69.263
Normally when partitioning biomaterial in EOPO– 10 mg/ml BSA 85.663 95.663 88.863

starch systems different salts or buffer ions are used a The thermoseparation was performed at 158C above the cloud
to maintain a constant pH. The addition of salt will point for 5 min. The copolymer solutions were 10% (w/w) in
affect the cloud point of the copolymer [10,20], thus water.

the polymer recovery will be influenced. The effect
on the thermoseparation by additions of common
salts at different concentrations has been studied
(Table 4). In the cases studied the salts decreased the reason it is important to investigate how the addition
solubility of the copolymer by lowering the cloud of protein to an EOPO phase will affect the recovery
point, which was earlier reported by Harris et al. of EOPO polymer in the thermoseparation step.
[10]. There was a significant increase from 69 to Water–EOPO copolymer systems containing 10 mg
90% in recovery of EO50PO50 when adding only 10 BSA/ml, were prepared (see Table 5). The ther-
mM of the sodium salt of phosphate, sulphate and moseparation studies were performed for 5 min at a
chloride. The other copolymers, EO20PO80 and temperature 158C above the cloud point of the
EO30PO70, were also affected by addition of the copolymers. No strong effect on the recovery of
salts but not as effectively (results not shown) EO20PO80 and EO30PO70 was observed (Table 5).
because of the already high (.90%) recovery. When This is probably due to the fact that the recovery of
the salt concentration was increased to 100 mM there these polymers is already high, 90 and 95%, respec-
was only a slight improvement of the recovery tively. For the EO50PO50 copolymer the recovery
compared to 10 mM salt, see Table 4. No significant was increased from 69% to 89% when adding
differences in the polymer recovery were seen when protein. In the thermoseparating water–EOPO sys-
the different salts were used. One explanation for the tems native proteins are generally partitioned exclu-
increased copolymer recovery by salt addition is that sively to the water phase. Thus, in this type of
the hydrophilicity of the water phase increases when system the partitioning is much more extreme than
adding salt. Johansson et al. [21] have shown that the partitioning observed in a two-polymer system or
salts partition stronger to the water phase in a in a PEG–salt system. The copolymer phase contains
thermoseparated water–EO50PO50 system. Thus the typically 40–70% (w/w) copolymer after ther-
relatively hydrophobic copolymer will be repelled moseparation. It has previously been shown that
from the water phase and partition stronger to the when using this type of EOPO copolymers no
copolymer phase. This explains why the effect when protein will be detected in the copolymer phase after
going from a water solution to 10 mM salt is more thermoseparation [10,11]. This is due to the entropy
pronounced than the effect of increasing the salt effect which makes it very unfavourable for a protein
concentration from 10 to 100 mM. to partition to the concentrated copolymer phase

[18]. Thus, the reason for the increased recovery of
EO50PO50 can be explained by that BSA is par-

3.7. Protein addition: effect on EOPO recovery titioned 100% to the water phase and that BSA has a
net negative charge of 218 at pH 7.0 [22]. The

The thermoseparating aqueous two-phase systems protein plus counter ions function as a salt and
have been developed for purification of proteins increase the hydrophilicity of the water phase. This
[11,12]. Thus, there will be proteins present in the leads to decreased cloud point for the copolymer and
EOPO phase from the primary phase system when thus increased recovery of copolymer at the ther-
the thermoseparation step is performed. For this moseparation.
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Table 63.8. Recycling of thermoseparating polymer
The fluctuations in polymer concentration in the phases during

arecycling of copolymer
The aim of using thermoseparating copolymers is

Concentration (%)to recover the target protein in a solution free from
copolymer and recycle the copolymer. Thus, it is EO50PO50 Reppal PES100

important to investigate the robustness of the two- First system
phase system with recycled copolymer. The primary Top phase 10.8 3.7

Bottom phase 1.1 22.2phase system studied was EO50PO50–hydroxy-
propyl starch (Reppal PES100) and the recycling of

First recyclingEOPO copolymer was performed as shown in Fig. 1.
Top phase 10.5 3.7

The concentration (w/w) of copolymer in the co- Bottom phase 1.0 22.7
polymer phase after thermoseparation was deter-

Second recyclingmined by refractive index measurements. By measur-
Top phase 10.7 3.6ing the mass of the copolymer phase the recovery of
Bottom phase 0.8 22.5copolymer could be calculated after each ther-

moseparation step. New fresh bottom phase polymer Third recycling
and some additions of copolymers, typically 15– Top phase 11.0 3.4

Bottom phase 0.8 22.225%, had to be done to the recycled copolymer
aphase to make up a new system. When recycling The concentrations shown are of primary phase systems

copolymer it was possible to retain the concen- before thermoseparation. Recycled copolymer after thermosepara-
tion was used to prepare the primary phase systems except for thetrations in the following systems at approximately
first system. The primary systems were mixed to obtain thethe initial concentrations during three recyclings of
polymer composition 13% (w/w) Reppal PES 100, 6% (w/w)

EOPO copolymer, which can be seen in Table 6. EO50PO50. The primary phase systems were prepared and
Recycling experiments with systems containing an separated at 218C and the thermoseparation was performed at

artificial protein mixture of BSA and lysozyme were 658C for 5 min.

studied to investigate how much the fluctuation in
polymer concentration in the primary system affected
the partitioning of protein. Table 7 shows how the
partition coefficients of total protein and lysozyme teins to this phase. At pH 7.0 lysozyme is positively
were affected during four recyclings of EOPO charged (17) [24] and thus the most chaotropic of

2copolymer. The partition coefficients were relatively the investigated anions, ClO , will direct lysozyme4

constant during the recyclings of EOPO copolymer. to the copolymer phase [25,26]. Chloride has a
Only four recycling steps were studied but there is position between perchlorate and phosphate in the
no reason to believe that drastic changes should be Hofmeister series [27] and thus chloride has a much
observed during further recyclings of EOPO co- weaker effect on the partitioning than perchlorate.
polymer. This shows that it is possible to recycle Polymer recycling can be operated successfully
thermoseparating EOPO polymers without affecting even if different salts are added to the system (Table
the partitioning of proteins in the primary phase 7, see Table 4 for the effect of addition of different
system. Thus, the recycling of copolymer facilitates salts or polymers to EO50PO50 solution on re-
the design of cost efficient and robust aqueous two- covery). The salts partition stronger to the water
phase systems for large scale protein purification. phase at thermoseparation [21]. The volume of the

The partitioning of protein in aqueous two-phase copolymer phase is small, and there will be a low
systems is affected by salt addition [1,23]. The amount of salt recycled in each step, which thus does
recycling experiments in systems containing protein not influence the protein partition coefficient.
(lysozyme and BSA) were performed in systems Lysozyme was partitioned to the EOPO phase by
with different salt compositions (Table 7). Cha- addition of NaClO at the same time as the total4

otropic ions will partition to the more hydrophobic protein was partitioned to the bottom phase (Table
copolymer phase and direct oppositely charged pro- 7). In the artificial protein mixture lysozyme can thus



J. Persson et al. / J. Chromatogr. B 743 (2000) 115 –126 125

Table 7
aCopolymer recovery and partition coefficients (K) for total protein and lysozyme during copolymer recycling

Salt Partition coefficients Total copolymer
recovery (%)

Lysozyme Total protein

First extraction – 0.43 0.41 –
NaCl 0.80 0.68 –
NaClO 5.86 0.73 –4

First recycling – 0.34 0.34 74
NaCl 0.82 0.68 75
NaClO 5.97 0.68 764

Second recycling – 0.39 0.32 78
NaCl 0.90 0.63 80
NaClO 6.30 0.85 774

Third recycling – 0.49 0.34 77
NaCl 0.81 0.67 77
NaClO 6.69 0.92 794

Fourth recycling – 0.42 0.34 75
NaCl 0.93 0.65 78
NaClO 6.10 0.90 824

a The primary phase system was 13% Reppal PES100, 6% EO50PO50 system, 10 mM sodium phosphate, pH 7.0 and 100 mM salt. The
protein concentration in the system was 5 mg/ml of BSA and 1 mg/ml of lysozyme. Thermoseparation was performed at 658C for 5 min.
Total copolymer recovery after thermoseparation was calculated for each recycling from the mass of copolymer in the primary phase system.

be seen as the target protein. By recycling of EOPO EO30PO70 (M 5400) was 96% in the thermosepara-r

copolymer it was possible to perform five repeated tion step (Table 2) thus reducing the losses in this
extractions of lysozyme while retaining similar parti- step to 4% in each recycling.
tion coefficients.

The total recovery of copolymer calculated from
the primary system was approximately 77% in each 4. Conclusions
recycling step with EO50PO50 and Reppal PES100
as phase forming polymers (Table 7). Most of the In aqueous two-phase extractions using EOPO–
copolymer (¯13%) was lost in the primary phase starch system it is possible to recycle the EOPO
system due to partitioning to the bottom phase. copolymer by thermoseparation. High-molecular-
Additionally about 10% was lost in the thermosepa- mass copolymers separate more efficiently than
ration step, i.e., equivalent to a recovery of polymers of low molecular mass from the water
EO50PO50 at 90% in this step. A total EOPO phase in the thermoseparation step. A recovery of
recovery of 77% in each cycle is equivalent to a 4.3 96% could be obtained with EO30PO70 of M 5400.r

time reuse of copolymer in the two-phase sepa- In the primary aqueous two-phase system the two
rations. The recovery of copolymer can be increased polymers will separate more completely from each
by using a higher molecular mass for the bottom other if polymers of high molecular mass are used.
phase polymer. Also an increased molecular mass of Starch derivatives of high molecular mass reduce
the EOPO copolymer will increase the recovery of loss of copolymer to the bottom phase and increase
copolymer both in the primary phase system and in overall recovery of EOPO copolymer in the ther-
the thermoseparation step. The recovery of moseparation step. In a protein extraction process the
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