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Frontal gel chromatography has been used to measure partition coefficients which enable a quantitative evaluation of the 
thermodynamic nonideality of smah solutes generated by the presence of high concentrations of macromolecular solutes. Equivalence 
of results obtained by the present method and by equilibrium dialysis is demonstrated in a comparison of results for dextran 

sulfate-NaC1 and dextran-sorbitol systems. Interaction coefficients obtained for dextran-sorbitol and protein-polyethylene glycol 
4000 systems yield results which are in reasonable agreement with those predicted on the statistical-mechanical basis of excluded 
volume. Because of its greater versatility in regard to the range of systems that may be studied, the frontal gel chromatograpbic 

procedure is likely to be of particular value for the quantitative characterization of thermodynamic nonideality arising from excluded 
volume effects in concentrated mixtures of macromolecular solutes. 

1. Introduction 

A major requirement for the understanding of 
physiological function is the quantitative assess- 
ment of macromolecular interactions in con- 
centrated polymer solutions in which most bio- 
logical phenomena occur. These interactions arise 
either from thermodynamic interactions (e.g., steric 
exclusion effects due to the expanded molecular 
domains of the macromolecules) or from electro- 
static interactions. Thus, the composition in the 
local microenvironment is influenced by the na- 
ture and concentration of the polymer species. 
Evaluation of interaction coefficients is therefore 
essential to the understanding of physiological 
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chemistry, Monash University, Clayton, Victoria 3168, 
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transport processes [l-6] and to assessment of the 
likely extent and rates of interactions under physi- 
ological conditions [7-141. 

Until recently, the effects of high concentra- 
tions of polymer on the partitioning of a small 
solute between a polymer solution and a 
polymer-free solution have been measured by 
equilibrium dialysis in systems such as dextran- 
sorbitol and dextran sulfate-NaCl [5,15]. However, 
this technique has limitations in regard to the 
availability of membranes impermeable to low 
molecular weight polymers (M, 10000 or less), 
especially when studied at high concentrations 
(> lo%, w/w), and also with respect to the long 
times (lo-20 days) apparently required for the 
attainment of equilibrium [15]. 

In the present investigation, a frontal gel chro- 
matographic technique, where the gel (Fractogel 
TSK HW 40) replaces the membrane, is described 
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which provides a faster and more convenient 
means of obtaining the required interaction coeffi- 
cients. Furthermore, greater versatility accrues 
from the fact that the method may also be applied 
to systems in which the larger solute is not com- 
pletely excluded from the gel phase. These aspects 
of the gel chromatographic procedure are il- 
lustrated with studies of the dextran-sorbitol and 
dextran sulfate-NaC1 systems previously studied 
by equilibrium dialysis [5,15]. Interaction coeffi- 
cients obtained by the gel chromatographic tech- 
nique for globular protein-polyethylene glycol sys- 
tems are also compared with those deduced from 
phase separation studies [16]. 

2. Theory 

2.1. Analogy between gel chromatography and equi- 
librium dialysis 

In equilibrium dialysis of a mixture of un- 
charged macromolecular solute, P, and small so- 
lute, S, the final state may be described in terms of 
one phase with solute concentrations c: and c& 
and a second phase with concentration c! of small 
solute. A similar situation is observed in the trail- 
ing elution profile generated by frontal gel chro- 
matography of such a mixture [17]. After addition 
of sufficient mixture to the column to ensure 
identity of the applied and effluent compositions 
(cg, cg), elution of the column with solvent yields 
a trailing elution profile of the form shown sche- 
matically in fig. 1. The concentrations of P and S 
remain at their ititial values (c:, ct) until VP, the 
elution volume of P, at which stage the concentra- 
tion of small solute attains a new value, ct. This 
plateau is maintained until V,, the elution volume 
of small solute, at which stage the concentration 
decreases to zero. 

mobile phase at the exit plane of the column. An 
alternative expression for ws is obtained by con- 
sidering the mixture-saturated column in terms of 
a void (mobile-phase) volume with solute con- 
centration ( c;)~ and a gel-phase volume with 
solute concentration (cg)s. In these terms con- 
servation of solute requires that 

ws= vb(c,“), + (K - KJ(c;)P (2) 

where V, refers to the void volume of the column, 
and the gel-phase volume is expressed as the dif- 
ference between V, and the total accessible volume, 
V,. Combination of eq. 2 with eq. 1 and the 
expressions for elution volumes in terms of Gelotte 
[18] distribution coefficients a,, namely, c = V, + 
a,(V, - V,), yields the relationship 

(c~,,=~s(csB)m+~p[(C~)m-(C~),] (3) 

Since the area under the elution profile for S 
corresponds to ws, the amount of small solute on 
the mixture-saturated column, it follows that 

The situation equivalent to equilibrium dialysis 
is achieved by setting up = 0 to conform with the 
confinement of macromolecular component to the 
one phase (mobile phase in the chromatographic 
context), and setting us = 1 to allow small solute 
complete access to the second (gel) phase. With 
these substitutions eq. 3 simplifies to 

ws = VP(c;)m + 0%- VP)(CsaL (1) (c& = (c& (4) 

where the subscript m is used to signify that the which signifies that under those conditions the 
elution profile reflects solute concentration in the concentration of S in the trailing (fl) plateau of 

Effluent Volume 
Fig. 1. Schematic representation of the trailing elution profile 
for small solute in frontal gel chromatography of a mixture of 

macromolecule (P) and small solute (S). VP and V, refer to the 

elution volumes of polymer and small solute, respectively; 
(cg) m and (cl) m denote the respective concentrations of small 

solute in the (Y and j3 regions of the mobile phase. 
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the elution profile is a direct measure of its con- 
centration in the gel phase of the a-plateau. This 
conclusion was reached previously [19] in relation 
to the operation of a Donnan effect in gel chro- 
matography, the condition us = 1 being implicit in 
the earlier presumption that (ct), - (I$)~. The 
analogy with equilibrium dialysis is hence that 
concentrations in the a-plateau region of the elu- 
tion profile, (cc), and (cg),, correspond to cF 
and c& while the concentration of S in the /3- 

plateau, Cc!),, is equivalent to c,b, its concentra- 
tion on the diffusate side of a semipermeable 
membrane. 

In addition to providing a means of determin- 
ing (cg)s under those relatively restrictive condi- 
tions, eq. 3 also allows the estimation of this 
quantity under conditions where macromolecular 
solute is incompletely excluded (up f 0), and/or 
where accessibility of the gel phase to S is incom- 
plete (us -Z 1). Clearly, the only experimental re- 
striction to the determination of (cZJ)s by the 
application of eq. 3 is the requirement that up and 
us differ sufficiently for the trailing elution profile 
to contain a readily identifiable and hence quan- 
tifiable P-plateau region. 

2.2. Thermodynamic activity of small solute in the 
gel phase 

Since interaction coefficients are to be obtained 
by equating the chemical potentials of small solute 
in the mobile and gel phases of the a-plateau 
region, it is first desirable to establish the most 
convenient way to account for the effect of the gel 
matrix on the thermodynamic activity of S in the 
gel phase. For this purpose, it is simplest to con- 
sider the a-plateau region in a gel chromato- 
graphic experiment performed on S alone. On the 
basis of composition-dependent activity coeffi- 
cients assessed by the statistical-mechanical appli- 
cation of the excluded volume concept [20,21], the 
respective thermodynamic activities, (zs, of small 
solute in the mobile and gel phases are 

(54 
(5b) 

(ai% = (GL exP[44Ll 

(a,U), = Cc& exp[ ck(c,U), + 4cE)g] 
where ass is the second virial coefficient describ- 

ing nonideality due to self-self interaction of S, 
and asG is the corresponding virial coefficient for 
nonideality of S imposed by the presence of gel 
matrix at concentration co: third and higher virial 
terms are thus neglected. The fact that the two 
phases are in partition equilibrium allows these 
two activities to be equated, whereupon it follows 
that 

= exp{ ass[(ck - (csU)s] - ~sG(c~*>,} (6) 

However, the left-hand side of eq. 6 is an altema- 
tive definition of the solute distribution coeffi- 
cient, us [22,23], which thus takes into account all 
thermodynamic nonideality due to the presence of 
small solute - not only the nonideality due to 
self-self interaction but also that arising from in- 
teraction of S with gel matrix. 

2.3. Evaluation of the thermodynamic interaction 
coefficient for an inert macromolecule and a small 
solute 

For an experiment in which the a-plateau of 
the elution profile contains both S and a macro- 
molecular solute, P, the thermodynamic activities 
of S in the two phases may be written as 

(7b) 

By including a virial coefficient term for the S-P 
interaction in both phases, we cover the possibility 
that the macromolecular solute may also partition 
into the gel phase, where its concentration is re- 
lated to its mobile-phase counterpart by the rela- 
tionship (I$), = a,(~;),. When combining these 
two activities on the ground of equal chemical 
potentials in the two phases, advantage may be 
taken of eq. 6 to account for thermodynamic 
effects due to small solute. The resulting expres- 
sion, namely, 

(c&Ac& = US exp{ as40 - +>(4ml > 

(8) 
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is then converted to a more convenient form for 
analysis of frontal gel chromatographic data by 
replacing (c& by eq. 3 to obtain 

where R = (c&,/(c&, is the reciprocal of the 
corresponding equilibrium dialysis parameter, 
cE/ck, termed the partition coefficient. In the event 
that the macromolecular solute is excluded from 
the gel phase (up = 0), this relationship for 
evaluating the second virial coefficient describing 
the mutual effects of polymer and small solute on 
each other’s thermodynamic nonideality simplifies 
to 

asp = [ln N/(4, 00) 

The finding that (rsp follows directly from the 
ratio of small solute concentrations in the two 
phases is entirely in accord with the situation for 
equilibrium dialysis, and is thus the conclusion 
that would have been reached by simply regarding 
the gel as a second liquid phase with which to 
achieve partition equilibrium. This demonstration 
that eq. 10 is also obtained when allowance is 
made for the thermodynamic effects arising from 
the presence of gel matrix eliminates any cause for 
concern that the analogy between equilibrium di- 
alysis and gel’ chromatography may rely upon 
total disregard of the matrix as a component of 
the gel phase. 

3. Expedme&d 

3.1. Materials 

Dextran polymers (TlO, T20, T40, T70 and 
T200) and dextran sulfate (M,, = 45 600 and M, 
= 74 800, estimated from parental dextran molec- 
ular weight) were supplied by Pharmacia (Sweden). 
Bovine serum albumin (fraction V), bovine 
thyroglobulin and polyethylene glycol4000 (PEG- 
4000) were obtained from Sigma (St. Louis, MO). 
Sorbitol was a product of BDH (Poole, U.K.); and 
other chemicals were of reagent grade. 

Radioactively labelled materials ( 3H,0, [ 14C]- 
PEG-4000, 22NaCl and Na3%1) were purchased 
from New England Nuclear (Boston, MA). 

Fractogels TX HW 40 and HW 55 fine (Merck, 
Darmstadt, FRG) were packed in an Gmnifit col- 
umn (Amersham, U.K.). 

3.2. Preparation of solutions 

3.2.1. Macroion and uniunivalent electrolyte 
Dextran sulfate (lo-50 mg/ml) was dissolved 

in NaCl (0.02-0.10 M) supplemented with trace 
quantities of either 22Na-labelled NaCl (10000 
dpm/ml) or 36C1-labelled NaCl(30000 dpm/ml). 
The concentration of the macroion, c, (equiv./l.), 
was calculated from the electroneutrality require- 
ment that cN1+ = cc,- + c,, where cNa+ and cc,- 
represent the concentrations of the respective elec- 
trolyte ions in the presence of dextran sulfate: 
these values were obtained from the frontal gel 
chromatography experiment performed on solu- 
tions of identical concentration containing either 
*‘Na or 36C1 (see section 4.1). 

3.2.2. Dextran-small neutral solute 
Solutions of dextran polymers (TlO, T20, T70 

and T200) were prepared by weight in 0.1 M NaCl 
containing sorbitol(5-50 mg/ml) and [‘4C]sorbi- 
to1 20 000 dpm/ml); tritiated water (20 000 
dpm/ml) was also added in order to determine 
the total accessible volume of the column, V,. 

The interaction coefficients for dextran and 
NaCl were evaluated using dextran T40 (38.5 
mg/ml) dissolved in 0.1 M NaCl supplemented 
with trace amounts of either 22Na-labelled or 
‘%l-labelled NaCl (20000 dpm/ml) in order to 
assess the contribution of the polymer to the en- 
tropic interaction in the dextran sulfataNaC1 sys- 
tem previously studied. 

3.2.3. Protein-polyethylene g&co1 
Bovine serum albumin or thyroglobnlin (lo-30 

mg/ml) and PEG-4000 (1 mg/ml) were dissolved 
in 0.1 M NaCl buffered with 0.03 M Tris-HCl 
buffer @H 7.4), the mixture being supplemented 
with trace quantities (20 000 dpm/ml) of 
[‘4C]PEG-4000 and tritiated water. 
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3.3. Analytical methoak 

Concentrations of the dextrans and dextran 
sulfate were measured by optical rotation at 589 
run in a Perkin-Elmer model 141 polarimeter: 
[a] = 0.914 for a 4.3% (w/w) solution of dextran 
in a 1 cm cell, and [a] = 0.53 for a 5% (w/w) 
solution of dextran sulfate. Concentrations were 
then converted to a molar scale on the basis of a 
partial specific volume of 0.60 ml/g for dextran 
[20] and the manufacturer’s value of the number- 
average molecular weight (M,). Concentrations of 
the proteins were estimated spectrophotometri- 
tally (Varian Techtron model 634) at 280 nm on 
the basis of absorption coefficients (A::,,,) of 6.6 
[24] and 10.5 [25] for albumin and thyroglobulin, 
respectively. Radioactively labelled small solutes 
were measured either in a liquid scintillation coun- 
ter (LKB 1215 Rack Beta) using a T&on-based 
scintillation cocktail [26], or in a gamma counter 
(LKB Multigamma). In some experiments the elu- 
tion profile for Na+ was monitored by atomic 
absorption spectroscopy (Varian Techtron model 
1000). 

3.4. Measurement of partition coefficients by frontal 
gel chromatography 

Samples to be analyzed were filtered through a 
0.45 pm Millipore filter ,prior to gel chromatogra- 
phy. In the initial studies of polymer-small solute 
systems, mixtures prepared in 0.1 M NaCl were 
applied to a column (1.2 x 48 cm) of Fractogel 
TSK HW 40 at 18 ml/h: 0.35~ml fractions were 
collected. After application of a sufficient volume 
(approx. 40 ml) of sample to ensure that the 
elution profile contained a plateau region in which 
the composition matched that of the applied mix- 
ture [17], elution with 0.1 M NaCl was continued 
to generate the trailing elution profile. 

In subsequent studies a smaller column (0.66 x 

40 cm) of Fractogel TSK HW 40 was employed at 
a flow rate of 3.6 ml/h, the applied sample .volume 
being decreased accordingly (8-9 ml). Fractions 
(0.08 ml) were collected in preweighed disposable 
vials, the pre- and post-collection weight data 
being stored in an IBM personal computer (PC- 
XT) linked to a Mettler AE 140 balance. All 

calculations, data tabulation and plotting of elu- 
tion profiles were performed using Lotus 123. 

Partition coefficients, (cz) ,/( c,8) m, were 
calculated from the ratios of the two plateaux in 
the radioactivity profiles of the small solutes. 

3.5. Evaluation of thermodynamic interaction coeffi- 
cients 

Interaction coefficients were calculated from 

the partition coefficients (l/R) of the small so- 
lutes by means of eq. 9, the distribution coeffi- 
cients of polymer ( ep) and small solute (us) being 
based on void (k’s) and total (V,) volumes ob- 
tained as elution volumes of dextran T70 (or 
thyroglobulin) and tritiated water, respectively. 
Even in the presence of high protein/polymer 
concentrations there was no observable change in 
either. the void volume or the total. volume, sug- 
gesting the absence of any significant’ osmotic 
shrinkage of the gel bed. 

3.6. Zonal gel chromatography of dextran sulfate 

During dialysis of dextran sulfate solutions at 
NaCl concentrations equal to or lower than 0.02 
M, 50-708 of the macroion passed through the 
dialysis sac (unpublished observations). So as to 
ascertain .that this effect was not due. to degrada- 
tion, zonal chromatography ,was ,performed at 
various ionic strengths on a Fractogel TSK.HW 
55 column (0.9 X 60 cm) equilibrated with NaCl 
(0.005-0.1 M). Sample (0.5. ml, 100 mg/ml) was 
applied at a flow rate of 18 ml/h, and the column 
eluate collected in 0.8-ml fractions. 

4. Results and discussion 

4.1. Partition coefficients for a uniunivalent electro- 
lyte and a macroion 

Since extensive partition coefficient data for 
Na+ are ,available from equilibrium dialysis stud- 
ies of the dextran sulfate-NaCl system. [IQ that 
system has also been analyzed by frontal gel chro- 
matography to demonstrate, the similarity of the 
two techniques. 
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Effluent weight (g.) 

Fig. 2. Hution profiles obtained for Na+ (0) and Cl- (A) in 

frontal gel chromatography of dextran sulfate (35 mg/ml) in 
0.1 M NaCl on a column (0.66 x 40 cm) of Fractogel TSK HW 
40 equilibrated with 0.1 M NaCl. Notation for plateau regions 
is in accordance with fig. 1. The elution profile for ‘dextran 
sulfate (0) was detected by polarimetry. Vc = 6.5 ml and V, = 

13.2 ml for this column. 

Frontal elution profiles for Na’ and Cl- ob- 
tained by gel chromatography of dextran sulfate 
(35 mg/ml) in 0.1 M NaCl show two distinct 
plateau regions with coefficients of variation rang- 
ing between 0.5 and 1.5% (fig. 2). In accordance 
with fig. 1, the first plateau denotes the total 
concentration of either Na+ or Cl- in the applied 
mixture (ct),, whereas the second plateau corre- 
sponds to (c.$)~: the transition between the two 
plateaux coincides with the disappearance of 
dextran sulfate from the column, and thus occurs 
at VP, as required. Since up = 0, eq. 10 is the 
appropriate expression for thermodynamic assess- 
ment of the interaction, whereupon the ratio of 
the two plateau concentrations of S provides a 
direct measure of the partition coefficient, viz., 

(c%JW, or l/R. 
The partition coefficients obtained by frontal 

gel chromatography are dependent on dextran 
sulfate concentration and ionic strength as sum- 
marized in fig. 3A and B for Na+ and Cl-, respec- 
tively. The charge concentration of the dextran 
sulfate derived from the neutrality condition cga+ 
= c&- + c,* gave a value of 0.0396 + 0.0036 (n = 3) 
equiv./l for a 1% dextran sulfate solution (com- 
pared with a value of 0.057 that is calculated from 
the manufacturer’s specification of 1.7 sulfate per 
glycosyl residue). 

Partition coefficients obtained by equilibrium 
dialysis for Na+ and Cl- (table 4 of ref. 15) for 

the dextran sulfate-NaCl systems have also been 
included in fig. 3. The similarity of results for 
systems in 0.1 M NaCl clearly attests to the equiv- 
alence of equilibrium dialysis and gel chromatog 
raphy as techniques for obtaining partition coeffi- 
cients. Although less extensive, results obtained in 
systems with 0.05 M NaCl are also consistent with 
the equivalence of the two methods. 

Even though no comparable equilibrium dialy- 
sis data were available for systems with 0.02 M 
NaCl due to passage of dextran sulfate through 
the membrane at low ionic strength (see section 
3.6), results of the frontal gel chromatographic 
technique have been included to show the anoma- 
lous behavior of Cl- partitioning at I = 0.02: the 

4-T--- 
4 I/ 
* *w I 
01 

2.0 

B 
n 

Fig. 3. Comparison of results obtained by frontal gel chro- 
matography (closed symbols) and equifibrium dialysis (open 
symbols) for the ratio of (A) the Na+ concentrations and (B) 
the Cl- concentrations in the macroion-ccmaining (a) and 
macroion-free (8) solutions as a function of dextran sulfate 
concentration in the a-phase. Experiments carried out at 0.1 M 
NaCf (e, o), 0.05 M NaCf (A, A), and 0.02 M NaCf (m). The 

equifibrium dialysis data are tnken from table 4 of ref. 15. 
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Fig. 4. Elution profiles obtained in zonal gel chromatography 
of dextran sulfate on a column (0.9 x 60 cm) of Fractogel TSK 
HW 55 equilibrated with 0.1 M (0), 0.02 M (e) and 0.005 M 

(A) NaCl. 

value of c,“/c,8 is greater than unity (fig. 3B). The 
elution profiles for Na+ exhibited two plateau 
regions which yielded ct/c,8 ratios having a linear 
dependence on the concentration of macroion (fig. 
3A), although the P-plateau was less distinct as 
reflected by higher coefficients of variation 
(6-109’1). This decreased reliability in the magni- 
tude of the P-plateau concentration could be due 
to (i) a boundary disturbance arising from gravita- 
tional instabilities [2-51 at the interface between 

the polymer solution and the solvent, which would 
be more evident at low ionic strengths because of 
the relatively large concentration gradient of dif- 
fusible ions; or (ii) the increased trailing of poly- 
mer at low ionic strengths as it elutes from the 
column. In that regard the elution profile obtained 
in zonal gel chromatography of dextran sulfate is 
markedly dependent on ionic strength, as shown 
in fig. 4. In 0.1 M NaCl the dextran sulfate is 
eluted as a reasonably sharp zone, but the zone is 
broader when 0.02 M NaCl is used as solvent. In 
0.005 M NaCl the dextran sulfate is distributed 
throughout the profile from V, to V,. This variable 
gel chromatographic behavior was not due to de- 
polymerization of the dextran sulfate, since read- 
justment of the low ionic strength sample to 0.1 M 
NaCl and rechromatography in that medium 
yielded an identical profile to samples run directly 
in 0.1 M NaCl (data not shown). However, at low 

ionic strength (I = 0.005) it is likely that electro- 
static repulsion between like charges on the dex- 
tran sulfate molecule would cause significant ex- 
tension of the flexible chains 1271. On the basis of 
fig. 4, it would appear that the presence of 0.02 M 
NaCl suffices to suppress this effect. The weakly 
hydrophilic nature of the Fractogel matrix is un- 
likely to induce nonspecific binding. 

Table 1 

Gel chromatographic determination of partition coefficients and interaction coefficients for dextran-sorbitol and dextran-Nail 
systems 

Dextran Partition coefficient _ ’ Interaction coefficient (asp) Covolume (Usp) (l/mol) 

Trpc Mn (XIO-f) Concentration (gA) [R = (c!),/(c&J WW a Experimental b Predicted 

Dextran-sorbitol 
TlO 6.0 
T20 16.5 

T70 39.5 
nO0 143 

Dextran-NaCl 
T4O 25.4 

104 1.115 f 0.015 6.0 1 0.7 (3) = 9.6 11-18 d 
29 1.043 23.6 33.5 30-49 d 
71 1.118 f0.006 25.6f 1.2 (2) 35.5 
44 1.058 f 0.001 50.6 f 0.9 (3) 74.3 71-118 * 
31 1.076 f 0.022 338 +95 (4) 424 256-421 d 

38.5 1.06 38.4 (Na+ ) 53.6 42-76 = 
1.06 38.4 (Cl-) 53.6 

’ Calculated by application of eq. 9 (dextrans TlO and T20) or eq. 10 to the trailing elution profile from a column of Fractogel TSK 
HW 40: for the former os = 0.66, up = 0.085 (TlO) and 0.027 (T20). 

b Based on the expression U sp = asp + Mgp [21] and a value of 0.60 ml/g [20] for the partial specific volume of dextran. 
’ Mean value f S.D. (figures in parentheses indicate the number of experiments). 
d Range of values predicted (eq. 11) by the fiber model [20] with the radius of the dextran fiber taken as 0.30 nm [5] and the effective 

radius of sorbitol as either ihe Stokes radius of 0.369 nm [29] or 60% thereof 1301. 
’ Range of values predicted by the fiber model with the effective radius of electrolyte ions taken as 0.2-O-3 nm. 
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Preliminary studies, carried out at various flow 
rates, have indicated that for the dextran sulfate 
concentrations used in this investigation (up to 
5%) there was no dependence of the partition 
coefficient on flow rate, a result that is consistent 
with the assumption inherent in eq. 10 that equi- 
librium is attained in the partitioning of small 
solute between the gel phase and the mobile phase. 
Further experiments on the effect of flow rate are 
currently being conducted at higher concentra- 
tions of dextran sulfate. 

4.2. Evaluation of thermodynamic interaction coeffi- 

cients from partition coefficients 

4.2.1. Dextran-small solutes 
Results obtained from frontal gel chromato- 

graphic profiles for dextran-sorbitol and dextran- 
NaCl mixtures are summarized in table 1. Because 
the larger dextrans (T40, T70 and T200) were 
excluded from the gel phase (up = 0), interaction 
coefficients (asp) could be determined by applica- 
tion of eq. 10. On the other hand, the partial 
inclusion of dextrans T10 and T20 into the gel 
phase (up = 0.085 and 0.027, respectively). has led 
to the use of eq. 9 for calculations of interaction 
coefficients from data for mixtures containing 
these polysaccharides as inert macromolecular so- 
lute, P. The distribution coefficient obtained for 
sorbitol (us) was 0.66. Since the interaction coeffi- 
cients obtained at various sorbitol concentrations 
were not statistically different, the values reported 
in table 1 are the means from all experiments with 
a given dextran. This is in accordance with an 
implicit assumption inherent in eq. 10. 

Before considering the results in detail, it should 
be noted that any slight error in us and/or up 
would have no significant effect on the magnitude 
of the interaction coefficient, since values of asp 
obtained by the application of eq. 10 instead of 
eq. 9 to data for the two smallest dextrans are 
greater by only 0.3-0.4 l/mol, and thus encom- 
passed by the uncertainty inherent in values de- 
termined using the more rigorous expression (eq. 

9). 
The following points are noted in relation to 

table 1. (i) The interaction coefficients for the 
dextran T20-sorbitol system exhibited little, if any, 

dependence upon polymer concentration, a find- 
ing which justifies the neglect of third and higher 
virial coefficients in the expression for the activity 
coefficient of small solute. (ii) The asp obtained 
by frontal gel chromatography for the dextran 
T70-sorbitol system (50.6 + 0.9 l/mol) showed no 
statistically significant difference from the previ- 
ously published [5] interaction coefficient (49.1 & 
13.6 l/mol) obtained by equilibrium dialysis. 
However, for the dextran T200-sorbitol system the 
present estimate of d: sp (338 f 95 l/mol) is 
considerably higher than the value of 144 k 29 
I/mol obtained by equilibrium dialysis [5]. (iii) 
For comparison with predictions based &- the 
excluded volume concept the interaction coeffi- 
cients are converted to the corresponding covo- 
lumes, Us, [21], the inclusion of the MPG, term in 
these calculations being a matter of contention 
[21,28]. (iv) The experimentally detersned covo- 
lumes increase with increasing size of the dextran, 
in reasonable quantitative agreement with theoret- 
ical prediction. The final column in table 1 pre- 
sents values of Us, predicted for interaction of a 
spherical solute (S) and a polymer (P) envisaged as 
a fiber with radius rp: from eq. 13 of [20] it is 
evident that 

U,~=%G[(r~+r&rf]2 01) 

where r,, the radius of the dextran fiber, has been 
taken as 0.30 nm [5]. A range for each predicted 
covolume reflects uncertainty about the magni- 
tude of rs, the effective thermodynamic radius of 
small solute. For sorbitol systems the larger pre- 
dicted covolume is calculated using the Stokes 
radius of 0.369 nm [29] as the estimate of r,, 
whereas the lower prediction is based on an effec- 
tive thermodynamic radius that is 60% of its hy- 
drodynamic counterpart - in keeping with the 
situation for glycerol and sucrose [30]. The experi- 
mental covolumes shown in table 1 lie within the 
range of the predicted covolumes, not only for 
systems with sorbitol as S but also for the 
dextran-NaCl system. (v) The dextran-NaCl sys- 
tem was investigated in order to assess the contri- 
bution of the excluded volume effect of the dex- 
tran moiety on the NaCl in the previously studied 
dextran sulfate-NaCl system. We note that the 
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Table 2 

Gel chromatographic determination of partition coefficients and interaction cuefficients for globular proteins and PEG-4000 a 

Protein 

Albumin 

Concentration 

(g/l) 

10 
20 
30 

Partition coefficient-’ 

[R = (&J(&ll 

1.032 
1.068 
1.106 

Interaction coefficient (asp) (l/mol) 

Experimental b Literature ’ Calculated d 

208 
216 216;t7 

i 
113 312 

222- 

Thyroglobulin 10 1.029 1920 220 2300 

p Conditions: Fractogel TSK HW 40 column equilibrated with 0.03 M Tris-HCl-0.10 M NaCl (pH 7.4). 
b Calculated by applying eq. 10 to the trailing elution profile for mixtures containing 1 mg/ml PEG-4000. 
’ Values reported by Atha and Ingham [16] on the basis of phase-separation experiments. 
d Calculated from the expression a = Us, - M,B, [21], where Us, = 4wN(rr + rsj3/3 and the radius of PEG-4000 was taken as 1.72 

nm [16]. Other parameters were assigned the fallowing magnitudes: albumin - M, = 66ooO [31], BP = 0.734 ml/g [32] and 
rF = 3.51 nm [31]; thyroglobulin - M, = 670000, 8, = 0.714 ml/g and rp = 8.61 nm [25]. 

interaction coefficient of 38.4 l/mol for the dex- 
tran system is consistent with the expected exclu- 
sion effects of a flexible dextran chain with M,, = 
25 000 on a small solute, but is only 20% of the 
corresponding value (approx. 200 l/mol) deduced 
from fig. 3b for the interaction of dextran sulfate 
with Cl-. It is therefore concluded that electro- 
static effects are the major source of thermody- 
namic nonideality in the polyelectrolyte-NaCl sys- 
tem. 

4.2.2. Globular protein-PEG-4000 
Results of gel chromatographic experiments on 

mixtures with PEG-4000 (1 mg/mI) as small so- 
lute and two proteins, bovine serum albumin and 
thyroglobulin, as P are summarized in table 2, 
together with the corresponding thermodynamic 
interaction coefficients. These results again serve 
to stress the ability of the present procedure to 
accommodate systems for which the distribution 
coefficient of small solute is not unity: us = 0.56 
for PEG-4000, whereas up = 0 for both proteins. 

There is a marked disparity between the pre- 
sent magnitudes of asp and those reported by 
Atha and Ingham [la] from phase-separation stud- 
ies. In that regard, calculations of asp on the basis 
of spherical geometry for both small solute and 
protein yield predicted values that are closer to the 
gel chromatographic estimates of the interaction 
coefficients than to those based on phase sep- 
aration. It is possibly relevant that the phasesep- 
aration technique used by Atha and Ingham [16] 

entailed addition of PEG-4000 until the onset of 
precipitatioa, conditions that may well favor self- 
association of protein molecules. Such intra-species 
interactions would act in opposition to inter- 
species excluded volume effects and hence lead to 
lower apparent interaction coefficients for the 
latter phenomenon. 

5. Concluding remarks 

The gel chromatographic technique described 
in the present investigation offers a simple, repro- 
ducible procedure for measuring partition coeffi- 
cients from which thermodynamic interaction 
coefficients may be determined. These latter 
parameters quantitatively characterize the thermo- 
dynamic nonideality that arises from the interac- 
tion of macromolecules with a small solute due to 
excluded volume and/or electrostatic effects. Its 
use for the study of ligand binding has, of course, 
been long recognized [17,33,34]. In measurements 
of the interaction coefficients, asp, for dextran- 
sorbitol, dextran-NaCl and protein-polyethylene 
glycol systems the coefficient of variation for rep- 
licate experiments usually varied between 2 and 
12% (the high value observed in experiments with 
dextran T200 is, however, not understood). These 
variations are brought about by a 0.2-1.09 change 
in the ratio of the two plateau concentrations (R) 
as the result of 0.5-1.58 uncertainty in the esti- 
mation of isotopically labelled solutes. Thus, a 
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minimum difference of 3% in the two plateau chromatographic situations in which us # 1 has 
concentrations, (c{), and (cg),, is required to already been illustrated in the studies with sorbitol 
obtain a reliable measure of the interaction coeffi- (us = 0.66), NaCl (us = 0.82) and PEG-4000 (us = 
cient. 0.56) as small solute. 

Frontal gel chromatography has several ad- 
vantages over equilibrium dialysis, the procedure 
used previously to quantify thermodynamic non- 
ideality in terms of interaction coefficients for 
these polymer-small solute systems [5,15]. Firstly, 
experiments can be performed and the results 
analyzed within 2 days, a feature that clearly sets 
the gel chromatographic procedure apart from 
equilibrium dialysis. Secondly, the availability of 
gel chromatographic media with markedly differ- 
ent porosities provides great latitude in the experi- 
mental designation of a solute as small. The pre- 
sent method is thus not confined to studies with 
solutes as small as those considered here, their 
selection having been dictated by the requirement 
for comparisons of findings with results obtained 
by equilibrium dialysis. Even in the event that 
osmotic shrinkage of the gel beads should occur at 
high polymer concentrations [35-381, no error 
would be introduced into the magnitude of the 
interaction coefficient, asp, for a small solute with 
a distribution coefficient, a,, of unity [37]. 

The ability to accommodate partial partition of 
the macromolecule and incomplete partition of 
the small solute is, in principle, not restricted to 
the gel chromatographic technique, since eq. 9, 
with appropriate redefinition of terms, also ap- 
plies to equilibrium dialysis (a = retentate, b = 
diffusate). However, the relatively restricted range 
of membrane porosities available virtually con- 
fines the application of equilibrium dialysis to 
systems comprising a mixture of macromolecular 
and very small solute species. Frontal gel chro- 
matography should thus be of particular value for 
the quantitative characterization of thermody- 
namic nonideality arising from excluded volume 
effects in concentrated mixtures of macromolecu- 
lar solutes. 
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A feature that imparts even further versatility 
to the gel chromatographic technique is its poten- 
tial for quantitatively estimating interaction coef- 
ficients under conditions where the macromolecu- 
lar solute is incompletely excluded (up + 0), 
and/or where accessibility of the gel phase to the 
small solute is incomplete (us < 1). From eq. 3 it 
follows that the only experimental restriction to 
the determination of asr by means of eq. 9 or 10 
is the requirement that up and us differ suffi- 
ciently for the trailing elution profile to exhibit a 
clearly defined B-plateau region. In situations 
where ur # 0 there is certainly a need to ascertain 
that the partitioning of tbe macromolecular solute 
does not reflect selective access to the gel phase of 
small members of a polymer population heteroge- 
neous with respect to molecular size. Such a situa- 
tion may apply to the present results for the 
interactions of sorbitol with dextrans TlO and T20 
(table 1): however, their agreement with theoreti- 
cal predictions suggests that this effect is minimal. 
The potential of eq. 9 (or eq. 10) to satisfy gel 
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