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A b s t r a c t - T h e  clouding points and equilibrium concentrations of PEG/dextran/water and PEG 
/ammonium sulfate/water systems were experimentally determined for different molecular weights 
of PEG by titration method and direct determination of concentrations. In phase diagrams of PEG- 
water with ammonium sulfate or dextran, the addition of salt or dextran induced the phase separation 
of PEG-rich phases near the PEG-lean phases having the different partitioning of PEG. The concentra- 
tions of PEG in PEG-rich phases increase as the amounts of PEG or salt and dextran increase, 
while the concentrations of PEG in aqueous media decrease in any cases. The higher the molecular 
weight of PEG has, the wider the two-phase regions are. In dextran DT10 systems, the partition 
coefficients of egg albumin into PEG-lean phases increase with concentrations of dextran and the 
molecular weight of PEG. In ammonium sulfate systems, the partitioning coefficients showed a maxi- 
mum, having lower partitioning at the very high and low concentration of salts. It is also observed 
that as the amounts of albumin increase, the partitioning of albumin into PEG-lean phase increases. 

INTRODUCTION 

The partitioning of soluble substances such as pro- 
teins and nucleic acids in aqueous two-phase mixtures 
has been subjected to intensive research in efficient 
and large-scale separation processes of biochemical 
mixtures E 1-4]. The complex particles obtained by dis- 
integration of cells or cell organelles, in general, con- 
sist of very complicated mixtures differing in size, 
form and chemical compositions, and therefore it is 
commonly adopted to harvest the pure chemicals, com- 
bining different separation methods of centrifuga- 
tion, chromatography, and solution methods with 
large-scale process Eli.  In liquid-liquid two-phase 
separation, two water-soluble but incompatible poly- 
mers, such as dextran and polyethylene glycol (PEG) 
~1-3], are added to water, forming two aqueous phas- 
es. Thus far, many polymer-polymer-water or poly- 
mer-small molecules (low molecular weight compo- 
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nents, in most cases, salts)-water systems, including 
multiphase systems with more than three phases have 
been investigated I-1]. 

In two-phase separations, the distribution of sub- 
stances plays the key role in successful applications to- 
gether with the interfacial tension E5], the densities 
and viscosities of bulk phases [1]. Among others, the 
most important factor in the separation processes is 
the selective distribution between phases. This is dif- 
ferent along with the concentrations of polymers, the 
molecular weight, and the chemical species, usually 
known in terms of partition coefficients K(= C~/CJ El- 
4], the ratio of the concentrations of protein in bottom 
phase (C~} to those in the top phase (Ct) (in moles 
per liter}. Experimentally, the phase diagrams, i.e., num- 
ber of phases, and their compositions have been in- 
vestigated by many investigators ~1, 3, 6-10]. In theo- 
ries, there have been some efforts devoted to the di- 
rect explanation of K by ionic interaction Ell-16, 18, 
19], but rarely discussed from the solution thermody- 
namics of the phase equilibria E17, 23-25]. 

In this paper, we report the phase diagrams of PEG- 
dextran-water systems and PEG-ammonium sulfate- 
water systems, and partitioning of dextran and PEG. 
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Fig. I. Transmission intensities of 25% dextran solution 
with addition of the 20% PEG solution by 0.4ce 
interval. The numbers are the sequential addition 
numbers. A represents the initial quiescent state, 

B the first appearenee of cloudness, C the recover- 
ing state and D the final adjustment. 

In :addition, the partitioning of egg albumin was inves- 
tigated in the aqueous two-phase separation. 

E X P E R I M E N T S  

1. Chemicals  
Dextran (T10, M.W. = 105,000) purchased from Phar- 

macia and PEG (M.W., 3,400, 8,000) from Aldrich Co. 
Ltd., were used without further purifications. Egg al- 
bumin (Sigma Chemical Co.), ammonium sulfate (Kanto 
Chemical Co., 99%), succinic acid (Sigma Chemical 

Co.) and NaOtt in buffer were used as purchases. Wa- 
ter was doubly distilled in our laboratocy. 

2. Determinat ions  of Cloud Points  
The cloud points were determined bv the transmit- 

ted intensities of 632.8 nm He-Ne Laser, titrating the 
polymer stock solutions with polymeric or salt solu- 
tions. In Fig. 1, for an example, the intensities of trans- 
mitring light were plotted as the 20c/~ PEG solution 
we~:e added dropwise to the 25% dextran solution by 

0.4 cc. The addition of drops continued until the turbid- 
ity of the solution remained unchanged after the so- 
lution turned turbid. The phase boundary was deter- 
mined at the points where the soluti(m became tur- 

bid. This method resulted in somewhat narrow sepa- 
ratton regions, and therfnre often adopted in primary 

studies. 
3. Determinat ions  of Equi l ibr ium Concentrat ions  

For PEG-dextran-water systems, the equilibrium 

concentration of dextran was directly measured by 
polarimeter (Rudolph Research) and that of PEG by 
refractometry (Bausch & Lomb). In PEG-ammonium 
sulfate-water system, the equilibrium concentration of 
salt was determined by Kjeldahl method. When the 
mixtures incubated at room temperature were separa- 
ted into two phases, the upper phase rich in F'EG were 
separated, and to determine the water content, dried 
until no weight changes were observed. For the salt 
concentrations in the lower phase, the 0.5 N NaOH 
was added in excess into the bottom phase and heated 
up to remove ammonia by 

(NH~)2SO4 + 2NaOH Na2SO4 + 2H~O+ 2NH:~ (4) 

The excess NaOH in this reaction were titrated with 
0.1 N HC1 in the presence of phenol red. Then, the 
equilibrium concentrations of both phases or tie lines 
were evaluated. 
4. Determinat ion  of Prote in  Part i t ioning 

Since the isoelectric point of egg albumin is known 
to be 4.7 [26~. the partition of egg albumin were deter- 
mined at pH 4.7 maintained by a succinic acid and 
NaOH buffer. The bulk samples were prepared at a 
certain concentrations of polymer and protein, and 
incubated about 40 hours at 4(7, separating into two 
phases. The solutions of polymers and protein were 
eluted in a 1 cm 1D gel permeation column, packed 
with sephadex G-75 gel. The gel was pretreated by 
swelling at 90C for 3 hrs and degassed for 9 hrs. The 
packing height was 30 cm. The elution speed was 0.6 
cc/min and the aliquots were automatically selected 

through 4 way control valve. The partition coefficients 
were determined by the ratio of the elution intensities 

in recorder. 

R E S U L T S  AND DISCUSSION 

1. Cloud Points  and Equi l ibr ium Concentra-  

t ions  
As the titratiuns approach the concentrations of 

phase separation, the l()cal fluctuations are much pro- 
longed in longer time interval and the turbidities in- 
crease up to the concentrations of phase separation. 
Finally, the turbid mixtures could not recover their 
original brightness, indicating the phase separation in 
microscale. In the course of titration, the highest con- 
centration before the phase separation is assigned to 
be the cloud points in our measurements.  In Fig. 2, 
the ternary diagrams of PEG-ammonium sulfate-water 
systems were given for PEG molecular weights of 
3,400. The circles represent  the phase boundaries 
determined by the cloud point measurements. ']'he 
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Fig. 2. Phase diagram of PEG 3400-ammonium sulfate- 
water systems at 25~ The open circles (@) for 
the phase separation boundaries determined by 
cloud point measurements, and the filled squares 
( I )  b) equilibrium measurements. 
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Fig. 3. Phase diagram of PEG-ammonium sulfate-water 
systems at 25~ Th~ open circles ( i )  represents 
for PEG 3400 and the filled circles (Q) for PEG 
8000. 

squares and dotted lines stand for the equilibrium con- 
centration measurements. In figures, the titration 
provides almost identical phase boundaries with equi- 
librium measurements  although it gives no tie line 
data. The identical results were observed for the PEG- 
dextran-water system [26]. Therefore, it is concluded 
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Fig. 4. Phase diagram of PEG-dextran Tl0-water systems 
at 25~ The open circles (C)) represent for PEG 
3400 and the stars ( * )  for PEG 8000. 

that the equilibrium measurements  in both dextran 
and salts are reliable. 

Further, the mixtures with dextran are separated 
into the PEG-rich top phase and dextran-rich bottom 
phase within 2-60 minutes, while, for the mixtures of 
salts it takes 2-15 minutes, and easily separated even 
at high water contents of 75 wtS. 
2. Effect  of  Molecu lar  W e i g h t s  of  PEG 

The equilibrium concentrations of the ternary mix- 
tures of PEG-dextran-water and PEG-ammonium sul- 
fate-water systems were determined from the incuba- 
ted mixtures. Figs. 3 and 4 (also Tables 1 and 2) show 
the phase separation regions of the ternary systems 

of different molecular weights of PEG, 3,400 and 8,000. 
Near the water-rich phase, two-phase separation re- 
gions broaden as the molecular weight increases for 

both salt and dextran, consistent with Albertson's Eli.  
As the molecular weight of PEG increases, the solubil- 
ities of PEG in dextran or ammonium sulfate s~lution 
(bottom phase), and those of dextran or ammonium 
sulfate in PEC- solutions (top phase) decrease. There- 
fore, the molecular weight of PEG affects the separa- 
tion of the water-rich and also the concentration of 
water-rich phases. Further, it is very important to ob- 
serve the decrease of the amounts of water in bottom 
phases. 

3. Effect  of  Sal ts  and Dextran  
In Fig. 4, the effect of ammonium sulfate in PFG- 

ammonium sulfate-water system was shown. As the 
amount of salt in the bottom phase increases, water 
was extracted from the PEG-rich phase. In results, 
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Table !. Equilibrium concentrations of PEG-ammonium 

sulfate-water systems at 25~ 
PEG 3400 (weight fraction) 

top phase bottom phase 
Salt PEG Water Salt PEG Water 

0.0475 0.4623 0.4902 0.3114 0.0156 0.6730 
0.0510 0.4280 0.5210 0.2616 0.0150 0.7234 
0.0518 0.3993 0.5489 0.2230 0.0248 0.7522 
0J)558 0.3715 0.5727 0.1909 0.0237 0.7854 
0.,3735 0.2627 0.6638 0.1440 0.0399 0.8161 
0.0884 0.1864 0.7252 0.1229 0.0754 0.8017 

PEG 8000 (weight fraction) 

. . . .  top phase --botiom phase 

Salt PEG Water Salt PEG Water 
0.0110 0.5200 0.4690 0.3000 0.0068 0.6932 
0.0143 0.4770 0.5087 0.2666 0.0070 0.7264 
0.0175 0.4420 0.5405 0.2235 0.0079 0.7686 
0.'0205 0.4127 0.5668 0.2079 0.0078 0.7843 
0.0446 0.2721 0.6833 0.1350 0.0133 0.8517 
0.0500 0.2320 0.7180 0.1195 0.0227 0.8578 

Table 2. Equilibrium concentrations of PEG-dextran T10- 

water systems at 25~ 
PEG 3400 (weight fraction) 

top phase bottom phase 
dextran PEG Water dextran PEG Water 
0.0433 0.1672 0.7895 0.2756 0.0309 0.6935 
0.0687 0.01292 0.8021 0.2123 0.0385 0.7492 
0.0984 0.01037 0.7979 0.1921 0.0423 0.7656 

PEG 8000 (weight fraction) 

top phase bottom phase 

dextran PEG Water dextran PEG Water 
0.0384 0.1273 0.8343 0.2302 0.0257 0.744,1 
00641 0.0947 0.8412 0.1862 0.0286 0.78[;2 
0.0861 0.0747 0.8392 0.163 0.0332 0.8038 

the PEG-rich phase would be more concentrated in 
PFG and the mutual solubility of PEG and water may 
be reduced by the existence of salt, and therefore, 
the concentrations of PEG in the water-rich phase 
were significantly reduced. In dextran, the tendency 
of phase separation by PEG was observed identical 
as the salt did. However, a strong discrepancy in the 
degree of phase separation was observed. In Fig. 5, 

the phase separation of PEG-8,000-dextran T10-water 
and PEG-8,000-ammonium sulfate-water systems were 

given with a tie line crossing each other. If a sample 
was taken at the point of crossing the tie lines, the 
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Fig. 5. Phase separations of dextran Tl0/ammonium sul- 

fate-PEG 8000-water systems. A cross point of two 

tie lines M can be separated with different fashion 
along with the tie lines. The open circles (@) repre- 

sents the dextran T10 syslem and the filled circles 
( 0 )  for the ammonium sulfate system. 

two systems could be separated as shown. In dextran 
systems, the relative partitioning of PEG into PEG- 
rich phase is relatively small, while for salt most of 
PEG resides in PEG-rich phase. 

The length of tie line(L) defined by the distance 
between the concentrations in phase are important 
in separating the ingradients. Fur ternary systems, the 
length can be given by, 

3 

L = [- Z iX,-- X,y] ~'~ 
l . /  1 

where X, is the mole fraction of i species. As the phase 

separation approaches the critical point, the length of 
tie line becomes zero because the Xi and Xj become 
identical. Following the scaling law along the critical 
isoehore, the phase envelope can be described by the 

exponent of the shape of coexistence [3. Near the criti- 
cal points, the ratio of activity of i species at bottom 
phase to that of the critical point is almost one and 
then linearized to give a slope. In Fig. 6, it is interest- 
ing that all have apparently identical slopes. 
3. P a r t i t i o n i n g  of  A l b u m i n  

The amount of albumin in each phase was deter- 
mined by gel permeation chromatography and the par- 
tition coefficients K was determined by the area ratio 
of eluent peaks between two phases. Table 3 summa- 
rized the partitioning of albumin into the dextran-rich 
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Fig. 6. The length of tie lines near the critical point. Dex- 

tran and ammonium sulfate systems have the similar 

slopes. 

(v) PEG 3400-dextran Tl0-water 
(O) PEG 8000-dextran T10-water 
(T) PEG 3400-ammonium sulfate-water 
(i !) PEG 8000-ammonium sulfate-waler 

Table 3. Partition coefficients of egg albumin in PEG-dex- 

Iran-water s)stems at 4o(  ̀  

PEG/Dextran Albumin Conc. of EA in PEG Partition 
T10 (wt 9"c) mg/g -rich phase, mg/nd coefficient 

(PEG 3400) 
7/9 2 1.12 6.75 
7/10 2 0.635 8.33 

5 1.94 8.33 
8 2.56 9.0 

7/11 2 0.57 10.0 
7/12 2 0.36 11.1 
8/11 2 0.256 17.5 

5 0.952 19,2 
8 1.69 20.0 

(PEG 8000) 
10/11 2 1.6 4.17 
10/12 2 1.5 5.81 
10/13 2 1.22 7.69 
10/14 2 1.12 7.69 
10/15 2 0.92 9.09 
9/12 2 1.53 5.(1 
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Fig. 7. Partition coefficients of egg albumin in dextran 

(M.W. 10,500)-PEG-water mixtures at 4~ and 

p H = 4 . 7 .  The open circles ( ~ )  represent fi}r PEG 

8000 and the open squares (LII) for PEG 3400. 
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The effect of salts on the partition coefficients of 

egg albumin. The filled circles (O) represent the 

partitiuning of egg albumin in 7% PEG 8000-9% 

dextran TI0 with ammonium sulfate and lhe open 

circles ( ) for human serum albumin with KCI 

[13. 

phase in the PEG-dextran-water systems. Fig. 7 shows 
the partithm coefficients of egg albumin in PF.G-8,000 
(circles) and m PEG-3,400 (squares). The partitioning 

of albumin increases as the concentrations of dextran 
increase. Also the molecular wei~4ht of dexkran has 
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the same effects as the molecular weight of PEG does 
[1~. As the molecular weight increases, the top phase 
becomes the more hydrophobic, and the hydrophilic 
proleins likely partitions into the bottom phase. In Fig. 
8, the partition coefficients of egg albumin were giw.'n 
with the human serum albumin [-2~. As the concentra- 
tions of salts increase, the partitioning coefficients in- 
crease at the low salt concentrations, b~lt decrease at 
the high salt concentration. At the low concentration 
of salt, the salt may bind to the protein working as 
a buffer, but at the high concentration of salt, the most 
salt itself partitions into bottom phases and salting-out 
the protein and PEG. 

In general, the distribution coefficients depends on 
the amounts of chemicals and their environments, 
such as the water content, ionic compositions, osmotic 
pressure, and denaturating effects. For the partition 
coefficients, the existence of extrema can be expected 
as a result of the electrochemical interaction since the 
solubilities of proteins are highly sensitive to the pH 
or electrolytes in the aqueous mixtures. 

SUMMARY 

The phase diagrams and equilibrium concentrations 
of PEG/dextran/water and PEG/ammonium sulfate/ 
water systems with different molecular weights of PEG 
were experimentally determined by measuring the con- 
centration of PEG, dextran and/or ammonium sul- 
fate. In phase diagrams of PEG-water with ammonium 
sulfate or dextran, the addition of salt or dextran in- 
duced the phase separation with different partition 
of PEG, but salt and dextran were accumulated in 
aqueous media in any cases. In PEG/water/dextran 
systems, the partition coefficients of egg albumin in- 
crease with the molecular weight of PEG, and the con- 
centrations of dextran. For salt systems, the partition- 
ing of albumin showed the optimal conditions along 
with the concentrations of salts. 
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