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Summary 

The surface energy of cells is the quanti ty  which dominates certain physical 
interactions of cells such as adhesion to hydrophobic  surfaces and phago- 
cytosis. A linear relationship is derived relating the equilibrium constant  ob- 
tained from phase partition in liquid-liquid systems with the surface energy dif- 
ference obtained from contact-angle measurements.  Using biphasic mixtures of 
Dextran and poly(ethylene glycol) in a medium of  constant  salt composition 
the expression is confirmed for t ransformed lymphocyt ic  cell lines. The results 
demonstra te  the importance of van der Waals' interactions in the phase-parti- 
tion process, that  phase partition can be used as a direct measure of  cell surface 
hydrophobici ty ,  and that  the equilibrium constant  of  phase partition is directly 
related to the difference in the surface energy of  the parti t ioned particle 
between the two phases. 

Introduct ion 

Cell surfaces are now known to determine important  aspects of  many 
physiological and biophysical phenomena as diversely related as cellular im- 
munity,  motili ty,  cell~ell and cell-substrate adhesion, phagocytosis, agglutina- 
tion and morphogenesis. The magnitudes of the non~ovalen t  interactions at 
the cell surfaces are critical to these processes. Qualitatively, these properties of  
the cell surface are referred to as cell surface hydrophobic i ty  [1--8],  but  this 
term is ill defined and poorly describes the forces and their  origin. 

The hydrophobic  effect,  the aggregation of  hydrophobic  entities in an 
aqueous environment,  results from the net  free energy of  interaction of  the van 
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der Waals' forces at the surface of  interacting proteins or other  macromole- 
cules, or of  cells. If the free energy of  aggregation is negative, it will occur; and, 
one would expect  sufficiently large positive free energies of  attraction to result 
in a spontaneous repulsion of  the particles, side chains or cells which are 
involved [9,10].  The large n u m b e r  of  types and instances of  non-covalent 
attractive and repulsive interactions in cellular systems makes it clearly worth- 
while to a t tempt  to develop methods  which provide direct quantitative mea- 
surements of  their energies. 

This paper describes the relationship between (a) the equilibrium constant  
for particles or cells separated by  partition in a biphasic liquid system and (b) 
the difference .in the surface energy of  the particles in each phase. Phase-parti- 
tion and surface-energy determinations provide two independent  methods of  
obtaining a measure of  the interfacial free energy at the surface of  living cells. 

Biphasic aqueous  mixtures of  poly(e thyleae  glycol) and Dextran allow deter- 
mination of cell surface energy differences by  both  the  phase-partition and con- 
tact-angle methods.  These biphasic mixtures are advantageous, since they main- 
tain cell viability while allowing measurement  of  both  the hydrophobic  (disper- 
sive) and hydrophilic (polar) contr ibutions to cell surface energy. Biphasic mix- 
tures of  water-soluble polymers have been used as a practical means of  separat- 
ing cell types,  subcellular fragments and enzymes [11,12] ,  but  have only 
recently been applied to the measurement  of  interfacial free energies at cell sur- 
faces [13,14] .  

Contact  angles provide a measurement  of  cell surface free energy, and have 
been used to describe the uptake of  hydrocarbons by  hydrocarbon-utilizing 
bacteria [15,16] ,  phagocytosis [17] and the adhesion of  cells to solid sub- 
strates [15,18] .  The most  reliable method  used by  surface physicists to obtain 
the surface energy of  a solid is to obtain a series of  contact  angles (0) on the 
solid with similar liquids having different surface tensions (712). A plot of  cos0 
against 712 or 7~/2  usually yields a straight line. The value of  712 corresponding 
to cos 0 = 1 is the value of  the surface energy, or the critical interfacial tension 
for spreading, ~/c, of  the solid. This subject has been reviewed extensively [15, 
19,20].  Empirical relationships have been used to obtain essentially the same 
results with fewer measurements,  but  they are limited in the range of surface 
tensions and types of  surface to which they  apply [21].  Application of  these 
empirical relationships to the problem of phase partition is discussed in the 
following papers of  this series. 

The value of  knowing the surface energy of  a cell lies in its utility in the cal- 
culation of  the net  free energy change which occurs on contact  with other  
interfaces (liquid/solid, liquid/liquid or cell/liquid). Contact  angles in biphasic 
liquid systems of  hydrocarbon and water have enabled us to correctly describe 
the interaction of  kerosene with the  surface of  Corynebacterium lepus and of  
hexadecane with the surface of  a hydrocarbon-utilizing bacterium, Acineto- 
bacter calcoaceticus [15,16] .  The contact  angles of  water drops on cells under 
hydrocarbon give a measure of  the dispersive van der Waals' interactions, 
which, for tunately are the only van der Waals' interactions applicable to  inter- 
actions involving hydrocarbons.  Certain plastics have been characterized using 
similar techniques [22,23].  

However, in order to s tudy the fusion of  protoplasts  in aqueous media it was 
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necessary to find immiscible liquid/liquid pairs which would provide measure- 
ments  of both the polar and dispersive interactions. The aqueous biphasic mix- 
tures of  high molecular weight polymers commonly  used for cell and particle 
separation [11] provided an ideal solution to this problem. Poly(ethylene 
glycol) and Dextran form immiscible phases when combined in aqueous solu- 
tion at concentrat ions above the critical point,  and a dilution series of such a 
mixture provides a series of similar liquid pairs which have progressively 
decreasing interfacial tensions, 712. Using droplets of  the dense phase on cells 
immersed in the light phase of  such a biphasic system, it was possible to mea- 
sure the interfacial free energy at the surface of protoplasts from Zea mays and 
Aureobasidium pullulans and from these to predict the relative frequencies of 
self- and inter-specific protoplast fusions [13].  A second advantage of using 
biphasic mixtures of aqueous polymers is that  the interfacial tension between 
the phases is very low (approx. 1 . 0 . 1 0  -4 erg/cm 2) compared to aqueous/hy- 
drocarbon o r  f luorocarbon interfaces (approx. 50 erg/cm2}. This allows 3--4- 
fold greater sensitivity in the measurement  of interfacial free energies at the cell 
surface than is possible at present by any other  means. The interfacial tension 
between these phases is generally quite similar to that  of  the cell /medium inter- 
face. In addition, such mixtures are commonly  used in biological preparations 
and have no known physiological disadvantages. These mixtures have also 
recently been used to determine cell surface energies for a variety of blood cell 
types [14]. 

The partition of  cells between the phases of  aqueous mixtures of incom- 
patible polymers has been used extensively for the separation of cells, cellular 
particulates and proteins [ 1--8,11,12,24,25]. This process depends fundamen- 
tally on the difference between the interfacial free energy of  the particle in one 
phase compared to that  in the  other  phase [11,13,15],  but  as yet  this techni- 
que has not  been used for the  determination of  cell-medium interfacial free 
energies. Recent work [ 1--8] has clearly demonstra ted the utility of  partition 
coefficients in biphasic aqueous polymer mixtures in the characterization of 
the hydrophobici ty  of the surface of  cells. The work of Zaslavsky and 
coworkers [1--5] has compared the partition of  surfactants to that  of  cells, and 
in essence, provides a measure of  cell surface hydrophobici ty  akin to the HLB 
(hydrophilic-lipophilic balance) scale used to characterize surfactants, emulsi- 
fiers and detergents [26--29].  The HLB scale is a linear function of the loga- 
ri thm of the partition coefficient of the surface~active agent between an 
aqueous medium and a hydrocarbon such as octane, and thus, it can be used to 
distinguish between large differences in hydrophobici ty.  Partition in aqueous 
biphasic polymer mixtures is exquisitely sensitive to small differences in the 
hydrophobici ty  of relatively hydrophilic molecules and particles. 

Since both the determination of  contact  angles with liquids of  known sur- 
face or interfacial tension on solids, and the distribution of  solid particles 
between two liquid phases measure the difference between the interfacial free 
energies at the solid surface in the two liquids, it should be possible to combine 
or relate these measurements.  However, at this time, only contact-angle mea- 
surements allow calculation of  the actual values of the interfacial free energies 
involved. The following section describes the relevant theory.  
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Methods 

The expected relationship between partition coefficients, surface free energies 
and contact angles 

Fig. 1A depicts the possible results of  partitioning a single type  of  cell or 
particle between two immiscible liquids. Either there is a complete  separation 
of the particles into the two bulk phases, or there is also an accumulation of 
particles at the interface. Firstly, we will consider the free energy changes 
accompanying complete separation (Fig. 2, A--C). 

At equilibrium, the partitioning of  the cells depends on their chemical poten- 
tial in each phase. The net  chemical potential is the sum of  several free energy 
terms, including the standard chemical potential, a concentrat ion term, a sur- 
face free energy (hydrophobici ty)  term and an electrostatic term. Gravitational 
contributions will be neglected. Electrostatic effects (the Nernst equation) are 
important  for experimental situations in which the charge on the cells or the 
potential between the phases varies, usually as a result of  changes in electrolyte 
composition. Interactions between the components  of the system may cause a 
concomitant  hydrophobici ty  change (e.g., phosphate and poly(ethylene gly- 
col)), i f  the electrolyte composit ion is constant, the electrostatic contribution 
to the chemical potential will be constant,  and the partition coefficient will be 
determined by differences in surface energies. Such measurements form the 
basis for the theory of the hydrophobic  effect  [ 30,31]. 

The net  chemical potentials, p, of  the cells in each phase are given by Eqns. 

A B 

a 

b 

C 

• o , q - - T O P  I _ I 

• O 2 1 -  BOTTOM 

• • t 

Ylc 

i \ 

TOP 

BOTTOM 

Fig. 1. The re lat ionship b e t w e e n  part i t ion coef f ic ients  ( A )  and contact  angles (B) of  two  l iquids (1 an d  2)  
and  cells or  par t ic les  of  a solid phase  ( I ) .  High (a) or  l ow  (c) c o n t a c t  angles correspond to  low or high 
pa r t i t ion  coeff ic ients ,  respect ive ly .  Intermediate  s i tuat ions  are described b y  category  b.  

Fig. 2. Sur face  free ene rgy  (7)  changes a c c o m p a n y i n g  the t r ans f e r  of  a cell or  par t ic le  f r o m  one  l iquid 
phase (A) to  the  in te r face  (B) and  to  the o ther  l iquid phase (C). 
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2a and b. 

Plc = P~c + kTlnflc[cells] 1 + A71c + ze~lc (2a) 

P2c = P~c +kTlnf2c [cells]2 + A72c + zekb2c (2b) 

where po = standard chemical potential,  h = Boltzmann's constant,  T = absolute 
temperature,  f = activity coefficient, A = surface area of  the cell or particle, z = 
total  charge on the cell or particle, e = electronic charge, q~ = electrical poten- 
tial. 

The standard chemical potential, tl °, refers to  a standard state for the cells. 
Here, this is chosen so that  in the limit of  ideal dilution, the activity coeffi- 
cients, f, approach uni ty  [32]. Choice of  the units of concentration (e.g., frac- 
t ion of the total  or cells/ml) will alter the meaning of  the standard state [32, 
33]. Thus, the activity coefficients include all non-idealities arising from finite 
cell concentrations (cell-cell interactions). All contributions to the interfacial 
free energy at the cell/solution interface are included in the term AT. 

At equilibrium, the net chemical potentials of the cells in each phase are 
equal. Equating Eqns. 2a and b above results in Eqn. 3, which describes the 
partit ion coefficient as a function of the interfacial, electrostatic and concen- 
tration-related free energy changes which occur as a cell moves from phase 1 to 
phase 2 (Fig. 2). 

--kTlnKeq= A AT + ze Ak~ + (p~e--p~c) + k T l n ( ~ )  (3) 

where A7 = 72c -- 71c and A ~  = ~2~ -- ~1~. 

The relative importance of  the terms in Eqn. 3 depends on the experimental 
situation. By definition, the difference between the standard chemical poten- 
tials will be constant. Depending on how the experiment is performed, the 
partition coefficient can depend either on the electrical potential difference or 
on the solid/liquid interfacial free energy difference between the phases. Linear 
relationships have been observed in both cases (Refs. 34 and 35 and below), 
and thus we must assume that  the activity coefficient ratio term is either nearly 
constant  or relatively small. 

Another  consideration is the large size and heterogeneity of  the cells. Parti- 
tion of a large object between two phases is different from partition of an ideal 
dimensionless point in that  all parts of  the surface are bound together and must 
move cooperatively. This is akin to the cooperativity accompanying a physical 
phase change such as melting or freezing. The effect of this is the introduction 
of  an exponent  to each concentration term, or a factor, ¢~, in the expression 
for the free energy of  partition: 

(.DkTlngeq 

In practice, it is probably impossible to measure accurately and indepen- 
dently the effective surface area of a ceils, A, because of  the heterogeneous, 
fibrous and colloidal nature of the glycocalyx [36]. Nevertheless, use of mea- 
sured values of A may normalize results obtained with different cell types. Esti- 
mation and interpretation of  co are also difficult. These considerations lead to 
an empirical version of Eqn. 3 in which the constants have been combined into 
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experimentally determined parameters (Eqn. 4): 

--logKeq = az~, + 5AT + fi (4) 

Eqn. 4 predicts a linear relationship between the log of  the partition coeffi- 
cient and either the difference in interracial free energy or the potential differ- 
ence between the phases, or a linear combination of  the two. A similar result 
was obtained by Bronstead [11]. Thus, for a series of  biphasic systems with 
constant  potential but differing in values of AT, one would expect  a linear rela- 
tionship between logK~q and A~, (e.g., constant  salt composition but variable 
polymer concentrations).  Alternatively, for a series of  biphasic systems with 
constant A~/ but differing AT,  one would expect  a linear relationship between 
logK~q and AT.  These possibilities are expressed in Eqns. 4a and b, using the 
parameter,  fl, as a generalized constant:  

--logK~q = aA~, + fl (4a) 

--logKeq = 6AT + fl (4b) 

Eqn. 4 could be useful in both the experimental  characterization of the 
liquid-liquid separation of  cells and particles and in determining the optimal 
conditions for industrial processes involving liquid-liquid separations. In care- 
fully studied systems, this type of  relationship should allow calculation of 
either solid/liquid interracial free energies or liquid/liquid interracial tensions 
from the partition or adhesion of solid particles. The partition coefficient could 
apply to both physical or biological phases (e.g., phagocytosis). Eqn. 4a applies 
specifically to alterations in the surface energy at the cell surface, such as un- 
doubtedly  occur with changes in membrane lipid composition. 

Relationship to contact angles 
The interfacial energies at the surfaces of solids are notoriously difficult to 

determine exper iment~ly  [15,19,37]. However, the difference between the 
interfacial energies of two liquids and one solid can be directly determined by 
the measurement  of  the contact  angle, 0, between the solid and a drop of one 
liquid immersed in the second liquid (Fig. 1B, b). The relationship between 
these quantities was developed in 1805 by Young [38] and is given in Eqn. 5. 

--712cos0 = 72¢ -- ~'1c = A~/ (5) 

Assuming equilibration, and disregarding gravitational effects in both the 
partitioning experiments and the measurement  of contact  angles [11,39],  it is 
possible to combine Eqns. 4a and 5 to obtain the following expression, which it 
has not  been possible to find in the literature to date (Eqn. 6). 

logKeq = ~ ' l : cos0  + ~ (6) 

An extension of this relationship which has particular applicability to prob- 
lems involving the adhesion of  particles to solids or tissues can also be devel- 
oped. Eqn. 6 describes the relationship between partition coefficients and con- 
tact angles for particles which have completely separated into either phase 1 or 
phase 2 of the two-phase system (Fig. 1A, a and c). Frequently,  a considerable 
fraction of the cells or particles accumulate at the interface between the two 
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phases, and partition coefficients are often given comparing the concentraion 
of cells in one phase to that  of  those in the interface or of  the interface plus 
those in the other  phase [1--5,11]. The relationships between the contact  angle 
and these two partition coefficients are given below (Eqns. 7 and 8), and both 
require knowledge of the concentrat ions of  particles [x]i at the arbitrarily thin 
interface (i). Unfortunately,  this quanti ty  is difficult to measure experimentally 
in liquid-liquid systems and thus, great care will be required to obtain data 
allowing these two relationships to be tested adequately. However, if the inter- 
face is a solid surface, it should be possible to obtain more reliable data [40]. 

l og ( [ -~ l )  [x]i = ~3h2(cos 0 + 1) 2 +/3 (7) 

log{[X]i[-x]2~ = 0~712(cos 0 -[- l ) ( c o s  0 -1- Q) 4- ~ (8)  
\ [x], / 

where 

Q _ Ix]2 
[xli + Ix]2 

Fig. 1 depicts the relationships between the partition coefficient (A) and the 
expected contact  angle (B). The range of  interfacial tensions, 712, which results 
in measurable contact  angles depends on the relative magnitudes of the inter- 
facial energies at the two solid/liquid interfaces. The selection of  an appropri- 
ate pair of immiscible liquid phases is therefore quite difficult. Situations which 
result in complete spreading (0 = 0) of  a drop of one fluid on the cells im- 
mersed in the other, or in a contact  angle of 180 °, should yield almost com- 
plete partition of the cells into one phase provided the interfacial tension is low 
enough. In general, a given two-phase system in conjunction with a solid gives 
measurable contact  angles and partition coefficients over a range of about  two 
orders of magnitude for the difference, 3'2c --~1c. Complete spreading of  the 
drop occurs at the critical interfacial tension for spreading, 7c, which is itself an 
extremely valuable measure of cell surface energy (see below). In aqueous sys- 
tems, the observed differences range from about 50 erg/cm 2 for very hydro- 
phobic surfaces, to as low as 10 -4 erg/cm 2 for very hydrophilic surfaces. 

Experimental methods 
Partition coefficients of  cells between the phases of  aqueous polymer mix- 

tures were measured as follows. Poly(ethylene glycol) (Mr 6000, Sigma, St. 
Louis, MO) and Dextran T500 (Mr 500000,  Pharmacia, Uppsala)  solutions 
were prepared at the concentrat ions given in Table I in Dulbecco's phosphate- 
buffered saline (Gibco, Paisley, 320-1885). Separation of the two phases which 
formed spontaneously was accomplished by centrifugation at 500 rev./min. 
Cells were washed once with the less dense (light) phase (poly(ethylene glycol)- 
rich), and were resuspended in it. Following thorough mixing, an equal volume 
of the dense phase (Dextran-rich) was added and the cells were thoroughly 
mixed with a vortex mixer. The emulsion which formed was first allowed to 
settle by gravity for 4 h, and then centrifuged at 200 rev./min for 15 min. This 
speed is insufficient to pellet the cells in these polymer solutions. Samples were 
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T A B L E  I 

C O M B I N A T I O N S  O F  P O L Y ( E T H Y L E N E  G L Y C O L )  A N D  D E X T R A N  U S E D  T O  F O R M  B I P H A S I C  
M I X T U R E S  U S E D  F O R  T H E  D E T E R M I N A T I O N  O F  B O T H  P A R T I T I O N  C O E F F I C I E N T S  A N D  C O N -  
T A C T  A N G L E S  

I n t e r f a c i a l  t e n s i o n s  a re  g iven  f o r  t h e  t w o  p h a s e s  w h i c h  f o r m  s p o n t a n e o u s l y  a t  r o o m  t e m p e r a t u r e  [ 4 2 ] .  
T h e s e  c o m b i n a t i o n s  r e s u l t  in  a p p r o x i m a t e l y  e q u a l  v o l u m e s  o f  t h e  t w o  phases .  

P o l y m e r  mixture 

Poly(ethylene g lyco l )  
(M r 6 0 0 0  (% w / w ) )  

D e x t r a n  
(M r 5 0 0  0 0 0  (% w / w ) )  

I n t e r f a c i a l  tension 
( m d y n e / c m )  

A 6 .0  8 . 0  6 6  
B 4 . 4  7 .0  2 0  
C 4 .0  6 .0  7 .4  
D 4 . 0  5 .0  3 .1  

taken from both  the light and dense phases and cell concentrations were deter- 
mined in a Coulter counter,  model  ZF. The results presented are the averages of 
tr iplicates of  four experiments. 

Contact  angles were measured by  the horizontal-projection technique [41] 
utilizing an optical bench with a collimated light beam (Spindler and Hoyer,  
Model 30123) and the zoom lens assembly of  a Wild M405 stereomicroscope 
equipped with a modified lens column having a single centrally located lens 
providing parfocal adjustment  throughout  the magnification range. A Wild 10× 
or 15)< goniometer  eyepiece was used for the direct measurement of  contact  
angles. Droplets 0.1--0.5 mm in diameter were projected on a ground-glass 
screen to a diameter of  approx. 20--100 mm for measurement.  The results 
presented are the averages of  approx. 100 measurements for each experimental 
situation; the standard error of  the mean was relatively constant  at about  0.5% 
of the mean. It was found that  the most  consistent results were obtained by 
using the following procedure. Cells were prepared as for the partitioning 
experiment,  but  collected on a 25 mm diameter, 0.22 or 0.45 ~m pore diam- 
eter Millipore filter (using a type  XX10025000  filter holder) at a density of  
2--5 • 103 cells/mm 2. To prevent drying, the filter was left on the porous glass 
support  until the moment  before transfer to a 25 ml bath containing the light 
phase of  the polymer  mixture. It was then removed from the filter support ,  cut  
in half and both halves were placed in the bath. Drops of  the heavy phase were 
then introduced just  below the liquid surface from a pasteur pipet  drawn out  to 
a tip diameter of  approx. 0.1 mm. The drops slowly settled to the surface of  
the layer of  cells and it took  15--20 min for equilibrium to be established. Con- 
tact  angles of  the drops on the exposed edges of  the Millipore filter provided a 
test of  the consistency of  the interfacial tension between the phases. Interfacial 
tensions between the phases of  the polymer  mixtures were essentially those 
reported by Ryden  and Albertsson [42],  however,  they were checked by the 
hanging-drop technique [43] using capillaries approx.  10--50 /~m in diameter 
and differential interference optics [ 14]. 

Cells used in this s tudy were lymphocyt ic  cell lines donated by B. Weimann, 
and were of  Balb/c origin: K (A-MuLV transformed) [44],  BM18-4(A-MuLV 
transformed in vitro) [45] and ABLS-1 (A-MuLV transformed in vivo [46].  The 
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Fig.  3.  Linear relat ionship observed b e t w e e n  cos0 and ),~-1/2 for cell  l ine K.  The value o f  Ti corresponding  
to  cos0  = 1 .0 ,  is 7 c ,  the critical interracial  t ens ion  for spreading.  

cell lines were maintained in Iscove's modif ied Dulbecco's  medium (Gibco, 
Grand Island, NY, 785220 )  containing 10% fetal calf serum and were incubated 
in 5% CO2/95% air at 37°C and 100% humidity.  Cells were harvested in mid- 
exponential  phase. The relationship between cos0 and 7 [  1/2 was linear, as 
expected {Fig. 3). 

Cell volumes were determined with 3H20, using [14C]inulin to correct for 
extracellular space [47] .  Cells were incubated for 30 min then centrifuged 
through a layer of  Versilube F-50 silicone fluid (General Electric, Waterford, 
NY) into a 0.7% solution of  Triton X-100 in 10% NaC1, in a Beckman Micro- 
fuge (10 000 × g, 1 min). The plastic tubes were then placed in solid CO2 and 
the frozen tips were cut o f f  through the silicone layer and placed in scintilla- 
tion vials with Instagel (Packard) scintillation fluid. Intracellular water volume 
measured in this way was corrected for a cell water content  of  85% to calculate 
cell surface areas. The results are given in Table II. 

T A B L E  II 

P A R A M E T E R S  O F  E Q N .  6 IN T H E  T E X T  R E L A T I N G  T H E  C O N T A C T  A N G L E ,  0 ,  T O  T H E  P A R T I -  
T I O N  C O E F F I C I E N T ,  K e q  , F O R  C E L L S  IN B I P H A S I C  A Q U E O U S  M I X T U R E S  O F  P O L Y ( E T H Y L E N E  
G L Y C O L )  A N D  D E X T R A N  

The  parameter  r 2 is the coe f f i c i ent  o f  corre lat ion  for  the  least-squares fit  to  the l ines in Fig .  3 .  Cell  sur -  
face  areas and critical interfacial  tens ions ,  ~e ,  are also given. 

Cell t ype  Cell surface area "Yc 
( # m  2)  ( ~  • m -  I) 

Characterist ics o f  the relat ionship 
logKeq = aTl2COS0 +/~ 

c~ ~ r 2 

K 4 5 0  1.1 2 1 . 8 9  - - 0 . 5 4 7  0 .99  
BM18-4  320  3.3 1 7 . 0 6  - - 0 . 8 6 5  0 . 9 7  
ABLS-1 3 2 0  3.6 2 0 . 1 9  - - 1 . 0 1 7  0 . 9 8  
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Results and Discussion 

A linear relationship was found between the logarithm of the partition coef- 
ficient and the difference in interfacial free energies of  the cells in the two 
phases as predicted by Eqn. 6. These results are given in Fig. 4. Table II gives 
the slopes (~), intercepts (fl) and correlation coefficients (r 2) for the linear least- 
squares fit to the data points as well as the values of  7c. Excellent linearity is 
observed for all three cell types,  indicating that partition between the phases of  
aqueous polymer mixtures is directly related to measurements of  the interfacial 
free energies of  cell surfaces. Interpretat ion of  the parameters ~ and fi is, how- 
ever, difficult. The value of  ~ is much smaller than that expected from A/kT, 
which may indicate that  co is of  the order of  106--107 . 

The finding of  Albertsson and Baird [48] that  the partition coefficient of  
cells increases as the polymer  concentrat ion is reduced under conditions of  con- 
stant salt concentrat ion is confirmed by  these data, as demonstrated by the 
positive values of  ~ for all three cases. 

The values of  ~ and fi thus serve to characterize the hydrophobic i ty  of  the 
cell Surface as measured by the two techniques. The line is a function of  the 
critical surface tension for spreading, 7c [14],  but  cannot  yet  be used as an inde- 
pendent  measure of  it. These parameters may also be affected by specific van 
der Waals' interactions at the cell surface, as has been suggested by  the work of  
Walter et al. [49] and Ericksson et al. [50].  

The influence of  the charge between the phases on the equilibrium partition- 
ing of  cells in aqueous biphasic mixtures has been discussed at some length 
[5,49],  but  those discussions have not  dealt with the van der Waals' forces act- 
ing at the cell surface (cell surface energies). Walter et al. [49] realized the 
possibility of  these effects and investigated the influence of  cell membrane 
lipids on phase partition in Dextran/poly(ethylene glycol) mixtures. Correla- 
tions were found between the partition coefficient and the degree of  polyun- 
saturation of  membrane fa t ty  acids and the content  of  phosphatidylcholine. A 
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Fig. 4. Linear relationships between ~icos0 and logKeq for transformed lymphocytic cell lines in biphasic 
mixtues of poly(ethylene glycol) and Dextran. The cell lines are: K (e), ABLS-1 (4) and BM18-4 (m). 
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negative correlation was found with sphingomyelin content. Increased lipid 
content does not necessarily lead to increased cell surface hydrophobicity, 
since all of these lipids are amphipathic and the nature of their interactions 
with extracellular hydrophobic molecules is difficult to predict without knowl- 
edge of the HLB of the lipids. Certainly, it would be interesting to measure 
contact angles on both sides of monolayers of these lipids, or of cell surface 
proteins with the relevant biphasic systems. A set of measurements of this type 
has recently been completed (Schiirch, S., McIver, D.J.L. and Gerson, D.F., 
unpublished data), and may have relevance to the vertical modulation of mem- 
brane-bound surface receptors by changes in membrane lipid composition [ 51 ]. 

In conclusion, a relationship between the partition coefficient of cells in 
biphasic systems and the difference between the interfacial energies at the cell 
surface in each phase has been derived and successfully tested experimentally. 
The results obtained demonstrate the importance of surface and interfacial 
energy differences in the phase-partition process, and distinguish these from 
electrostatic effects. The relationship provides two independent methods for 
determining relative interfacial energies at the cell surface (contact angles and 
partition coefficients). This methodology increases the accessibility of knowl- 
edge of cell surface energies to those interested in such physical events at the 
cell surface as engulfment, aggregation, adhesion or spontaneous self-sorting in 
embryonic development [52]. 
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