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ABSTRACT: The intensities of neutrons scattered at small angles (SANS) (0.03 A-l < q < 0.3 kl, where 
q is the scattering vector) from aqueous (DzO) solutions of poly(ethy1ene oxide) (PEO) were measured over 
a wide range of polymer concentrations (0.8% w/w to 25% w/w) and molecular weights (1500-860 OOO Da). 
A transition was measured from the dilute to the entangled polymer solution regimes with increasing PEO 
molecular weight (at constant PEO weight fraction) or with increasing PEO weight fraction (at constant PEO 
molecular weight). In solutions containing approximately 10% w/w PEO, the transition was detected in the 
vicinity of PEO 10 OOO Da, which supports our recently advanced hypothesis that changes in PEO molecular 
weight influence protein partitioning in the twc+phase aqueous PEO-dextran system through an accompanying 
transition in the structure of the PEO-rich solution phase. To elucidate the roles of repulsive steric and 
attractive forces on the interactions of hydrophilic proteins and PEO, SANS measurements of (1) aqueous 
solutions of PEO 8650 Da containing identifiable PEO coils, (2) aqueous solutions of bovine serum albumin 
(BSA), and (3) aqueous solutions containing a mixture of BSA and PEO 8650 Da were performed. Although 
the net interaction between the 8650 Da PEO and BSA was found to be strongly repulsive, the second virial 
coefficient reflecting protein-polymer interactions was found to be only 80% of the value predicted for purely 
excluded-volume interactions, thus suggesting the existence of an attractive interaction between a PEO coil 
and BSA. A quantitative model of the solution structure indicates that an attractive interaction energy of 
about 0.05kT (per polymer segment interacting with the protein) is sufficient to describe the influence of 
BSA-PEO interactions on the SANS intensity measurements. This is consistent with recently developed 
statistical-thermodynamic models of protein-polymer interactions in the two-phase aqueous PEO-dextran 
system. 

1. Introduction 
Although the partitioning of proteins and other bio- 

logical molecules in two-phase aqueous polymer systems 
has received considerable attention over the past 30 years 
through equilibrium experiments and thermodynamic 
theories, such as the measurement and prediction of 
protein partition coefficients, many aspects of the mo- 
lecular-level mechanisms responsible for the observed 
phenomena are not yet fully under~tood.~-~ In a recent 
series of papers,8,9 hereafter referred to as papers 1 and 
2, respectively, the nature of the interactions between the 
flexible and diffuse polymer molecules and the rigid and 
compact protein molecules were explored through the 
development of molecular-level pictures for polymer 
solution phases containing globular proteins. In the two- 
phase aqueous system containing poly(ethy1ene oxide) 
(PEO) and dextran, where an aqueous PEO-rich solution 
phase coexists with an aqueous dextran-rich solution phase, 
these physical pictures were based, in part, on a proposed 
transition in the nature of the PEO-rich phase from the 
dilute to the entangled polymer solution regimes with 
increasing PEO molecular weight. 

Accompanying the development of the molecular-level 
pictures for the interactions between proteins and polymers 
in solution, complementary thermodynamic descriptions 
were advanced for each physical picture to predict the 
associated protein partitioning behaviors.8 It was con- 
cluded that although the physical exclusion of the proteins 
by the polymers contributes to the observed partitioning 
behavior, other interactions between polymers and pro- 
teins need to be considered to explain the observed 
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partitioning trends. In particular, the influence of the 
PEO molecular weight on the partitioning behavior of the 
series of proteinslOJ1 cytochrome c,  ovalbumin, bovine 
serum albumin, catalase, pullulanase, and phosphorylase 
was observed to be consistent with the presence of a weak 
attractive interaction (in addition to physical exclusion) 
between the protein molecules and the polymer coils.* Spe- 
cifically, the experimental trends in the protein parti- 
tioning behavior were reproduced9 by allowing for a weak 
attractive interaction energy, e, which appeared to increase 
with protein size, R,, where 19 A C R, C 52 A, from order 
O.OlkT to O.lkT per polymer segment at the protein 
surface, where k is the Boltzmann constant and T is the 
absolute temperature. 

The aim of the work presented in this paper is to support 
and confront these recent theoretical developments on 
the partitioning of proteins in two-phase aqueous polymer 
systems through a comparison with more precise exper- 
iments. The experimental investigation reported in this 
paper, paper 3, represents a significant departure from 
the many previous experimental investigations'-' of pro- 
tein partitioning in two-phase aqueous polymer systems 
in that we probe, using small-angle neutron scattering 
(SANS) techniques,12-14 both the structure and the 
thermodynamic properties of aqueous polymer solution 
phases which contain proteins, rather than measuring only 
thermodynamic properties such as protein partition co- 
efficients. We also deal with a one-phase system and, in 
so doing, remove the ambiguity associated with the 
interpretation of the protein partitioning behavior in two- 
phase aqueous polymer systems, where the experimental 
measurements reflect the difference between the inter- 
actions of proteins with each of the two coexisting polymer 
solution phases. 
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The remainder of this paper is organized as follows. In 
section 2, experimental considerations associated with 
SANS from aqueous PEO Solutions, aqueous bovine serum 
albumin (BSA) solutions, and their aqueous mixtures are 
discussed. Bovine serum albumin was chosen as a model 
hydrophilic protein because it has been the subject of prior 
SANS  investigation^,^+^^ and its partitioning behavior in 
two-phase aqueous polymer systems containing PEO-rich 
phases has also been examined." In sections 3 and 4, the 
measurement and interpretation of SANS from (i) aqueous 
PEO solutions and (ii) aqueous BSA solutions, respectively, 
are presented. In particular, we reexamine the proposal 
advanced in paper 1 that the underlying influence of 
changes in PEO molecular weight on protein partitioning 
in the two-phase aqueous PEO-dextran system is a 
transition in the structure of the PEO-rich solution phase 
(as discussed above).8 

In section 4, measurements presented for the neutron 
intensities scattered from BSA solutions (without PEO) 
serve two central purposes. First, the measurements 
confirm that the solutions are sufficiently dilute so that 
protein-protein interactions are not a dominating factor 
in determining the intensity of scattered neutrons. Second, 
the measurements enable the determination of the contrast 
factor of BSA in DzO, which is a prerequisite for the 
interpretation of SANS from solutions containing mixtures 
of BSA and PEO. 

In section 5, SANS measurements from mixtures of PEO 
and BSA in aqueous solution are presented. Interpretation 
of the scattering results provides the first independent 
experimental evidence that, while the net interaction 
between BSA and PEO is repulsive, the strength of this 
repulsive interaction is less than that corresponding to 
purely excluded-volume interactions. This is consistent 
with previous statistical-thermodynamic m0dels8*~J8-~0 
which suggest that a weak attractive interaction exists 
between the PEO coils and certain protein molecules, 
mediated by water, although the net interaction remains 
repulsive. A quantitative comparison is made between 
the strength of the attraction requiredto predict the SANS 
measurements from solutions containing BSA and PEO 
and that required to predict the partitioning behavior of 
BSA in two-phase aqueous PEO-dextran systems, and a 
good agreement is found. Finally, section 6 presents our 
concluding remarks. 

2. Materials and Experimental Methods 
A. Materials. Molecular weight standard grade PEO was 

purchased from Polysciences Inc. (Warrington, PA), having mo- 
lecular weights (in Da) of 1450 (Mw/M. = 1.10),4250 (Mw/Mn = 
l . lO) ,  8650 (M,/Mn = l . lO) ,  and 23 OOO (Mw/M. = 1-13), and from 
Toyo Soda (Japan), having molecular weights of 45 OOO (MwIMn 
= 1.07),85 OOO (Mw/M. = 1.06), 160 OOO (Mw/M. = 1.07), 270 OOO 
(Mw/M. = 1.09), and 860 OOO (Mw/M. = 1.171, where M, and M. 
are the weight-average and number-average molecular weights, 
respectively. The polydispersivity indices (MW/M,J were reported 
by the manufacturers. BSA was purchased from Sigma Chemical 
(St. Louis, MO), Catalog No. A-7030. The DzO was purchased 
from Aldrich Chemicals (Milwaukee, WI) and had a nominal 
purity of 99.8%. All other chemicals used were of analytical 
reagent grade. 
B. SamplePreparation and Measurements. For the SANS 

measurements of the PEO solutions reported in section 3A, the 
solvent was pure DzO. This contrasts to the SANS measurements 
of aqueous PEO solutions and aqueous BSA solutions, as well as 
aqueous BSA-PEO solutions, reported in sections 3B, 4, and 5, 
respectively, where all solutions were prepared with 0.5 M sodium 
acetate a t  pH 6.6 (the isoelectric pH of BSA is approximately 
4.9).21 The inclusion of 0.5 M anhydrous sodium acetate had a 
negligible contribution to the incoherent scattering of the solution 
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due to the hydrogens on the acetate ion.13 The 0.5 M sodium 
acetate was included in all the samples connected with the 
investigation of PEO-BSA interactions to ensure that any salt 
effects, for example, on the solvent quality for PEO:*gB were 
present throughout all the SANS measurements, All experi- 
mental measurement8 were performed at  25 'C in a thermc- 
stated cell holder and at  ambient pressure. 

The SANS experiments were conducted at  the Brookhaven 
National Laboratory's High Flux Beam Reactor (HFBR) using 
the Department of Biology's low-angle spectrometer.% The 
average neutron wavelength was 4.9 A, and the neutron flux was 
typically 3.5 X 10s neutrons/(cm2 8) .  The liquid samples were 
housed in flat cylindrical cells made of quartz having a path 
length of 2 mm. The raw neutron scattering measurements were 
corrected for (i) background scattering, (ii) empty cell scattering, 
(iii) sample transmission, and (iv) variations in the efficiency of 
the detector elements according to the method of Chen and Bend- 
edouch.l7 

3. Neutron Scattering from Aqueous PEO 
Solutions 

A. Measurement of the Polymer Solution 
Structure. In view of the importance of the predicted 
transition in the structure of the top PEO-rich phase (from 
singly dispersed polymer coils to an entangled polymer 
web) of the two-phase aqueous PEO-dextran sy~tem,8~~ 
the first objective of the neutron scattering investigation 
was to test experimentally the existence of such a transition 
over the range of PEO concentrations and molecular 
weights typically encountered in two-phase aqueous PEO- 
dextran systems. 

In general, the intensity of neutrons scattered at a 
scattering vector q from a solution containing polymer 
(component 2), 12(q), can be interpreted using the ex- 
pressi0n~5~~6 

where the correlation length, t ,  may be interpreted as 
Rg/31I2, where R, is the effective radius of gyration of the 
polymer, in the limit of vanishing polymer concentration 
(provided that q < 3llZ/R,), that is, for dilute polymer 
solutions, or as 0.35&,,27 where tb is the polymer mesh or 
blob size,28for entangled polymer solutions (provided that 
q < 1/0.35&,). Following the determination of the polymer 
solution correlation lengths from the SANS measurements, 
the range of q values used was checked to ensure that the 
constraints outlined above were satisfied. 

Before reporting the correlation lengths determined for 
the aqueous PEO solutions, the qualitative features of 
typical scattering intensity profiles will be discussed. For 
example, Figure 1 presents the intensity of neutrons 
scattered from an aqueous solution of PEO having a mo- 
lecular weight of 21 OOO Da as a function of the scattering 
vector, q, for four PEO solutions which differ in their PEO 
concentrations. In the low-q region (q < 0.04 A-1), the 
decrease in the intensity with increasing polymer con- 
centration reflects the contribution of the steric (repulsive) 
interactions between polymer coils to the structure of the 
solution. The fact that polymer-polymer interactions 
influence the observed scattering to this extent suggests 
that the polymer concentrations (0.025,0.083,0.124, and 
0.204, as volume fractions) are in the vicinity of the 
crossover concentration, c*,  for PEO 21 OOO Da.l3 Note 
that c* is a characteristic polymer concentration which 
reflects a region of polymer solution behavior where the 
extensive entanglement of polymer coils occurs with either 
increasing polymer concentration or molecular weight. For 
PEO 21 OOO Da, c* is in the vicinity of 0.05 (volume 
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Figure 1. Measured neutron scattering intensity, Z&), aa a 
function of the magnitude of the scattering vedor, q, for solutions 
of PEO 21 OOO Da in D2O. Polymer volume fractions: (0) 0.025; 

Table I 
Polynrer Solution Correlation Length, E, Deduced from 
SANS Meartuementr for Various Molecular Webhte, M2, 

and Volume Fractions, &, of PEO in Ds0 

(+) 0.083; ( 0 )  0.124; (A) 0.204. 

Mz(Da) $2 &A) Mz(Da) $2 t (A)  
860000 0.008 45 9000 0.058 10 

0.041 18 0.097 8.4 
270000 0.033 18 0.143 5.6 

0.067 12 0.167 4.6 
160000 0.054 13 0.250 2.8 

0.025 24 4000 0.057 7.7 
85000 0.008 46 0.097 6.0 

0.047 15 0.140 5.3 
0.083 10 0.125 5.6 

45000 0.017 31 0.166 4.2 
0.083 10 0.250 2.5 
0.124 6.7 1 500 0.057 5.3 
0.039 16 0.097 4.6 

21000 0.025 23 0.140 3.9 
0.083 9.1 0.167 3.5 
0.124 6.3 0.250 2.5 
0.207 4.2 

fraction). In the high-q region (q > 0.14 A-9, where 
correlations between polymer segmenta over shorter length 
scales determine the scattered intensity (specifically, 
correlations within PEO coils), the magnitudes of the 
scattered neutron intensities rank in the opposite order 
with increahg polymer concentration. This follows from 
the fact that in the large-q limit, the nature of the 
correlations within each polymer coil is relatively insen- 
sitive to polymer concentration, and each polymer coil 
acts as an independent scatterer. Consequently, the 
scattered intensity is simply proportional to the polymer 
concentration. For the higher molecular weight polymers 
(not shown in Figure 11, the intersections of the scattered 
intensity curves with increasing concentration (which are 
shown in Figure 1 for PEO 21 OOO Da) were either not 
observed, within the range of accessible scattering vectors, 
or were observed at very low q values. This observation 
reflects the fact that for the large polymer coils, over the 
accessible q range, only length scales smaller than the 
polymer coil size were probed, and therefore the measured 
intensity ranked in order of increasing polymer concen- 
tration. 

Experimental measurements of the intensity of scattered 
neutrons as a function of q, anahgous to those reported 
in Figure 1, were performed for the range of PEO mo- 
lecular weights and volume fractions shown in Table I. 
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Figure 2. Reciprocal of the measured neutron scattering 
intensity, &-*(q), as a function of q2, where q is the magnitude 
of the scattering vector, for solutions of PEO 21 OOO Da in DzO. 
Polymer volume fractions: (0)  0.025; (+) 0.083; ( 0 )  0.124; (A) 
0.204. 
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Figure 3. Logarithm of the static correlation length, log E, aa 
a function of the logarithm of the PEO volume fraction, log 42, 
deduced from SANS measurements of PEO in D2O. Polymer 
molecular weights (in Da): (*) 860 OOO; (0) 270 OOO, (A) 160 OOO, 
(0) 85 (W) 45 OOO; (A) 21 m, (0 )  (+) ( 0 )  1500. 
See text in section 3 for an interpretation of the arrows and lines. 
For all PEO solutions investigated, the scattered intensity 
was interpreted using eq 1 to yield a correlation length. 
For example, a plot of the data presented in Figure 1, in 
terms of the reciprocal intensity, Iz-l(q),  as a function of 
q2, as shown in Figure 2, yields the ordinate intercept as 
&-l(O), and the slope as 12-l(0)t2. Accordingly, the 
correlation length [ can be determined from the square 
root of the ratio of the slope and the ordinate intercept. 
Over the 42 range 0.001-0.03 A-2, the plots presented in 
Figure 2 are essentially linear in accordance with the form 
suggested by eq 1. This procedure of determining t: was 
repeated for all the other polymer molecular weights and 
volume fractions, and a summary of the deduced corre- 
lation lengths is presented in Table I. In Figure 3,the 
logarithm of the correlation lengths so determined is 
reported as a function of the logarithm of the PEO volume 
fractions for a range of polymer molecular weights between 
1500 and 860 OOO Da (data taken from Table I). Several 
regimes corresponding to different solution behavior can 
be identified. For the higher molecular weight polymers 
(M2 >> 10 OOO Da), the [ values are observed to collapse 
onto a universal curve (solid line) over the range of polymer 
volume fractions reported in Table I. For these polymers, 
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the magnitude of # is independent of polymer molecular 
weight, being solely a function of the polymer volume 
fraction, This observation is consistent with the existence 
of an entangled polymer mesh within which the identities 
of the individual polymer coils are lost,a For polymers 
in good solvents and for probed length scales sufficiently 
large that excluded-volume interactions can swell the 
polymer coils locally, a simple scaling argument suggests 
that28 

4 N qj-314 (2) 
where 4 is the volume fraction of polymer in solution and 
a is proportional to the size of a statistical polymer segment. 
In Figure 3, a full (straight) line having a slope of -V4 has 
been passed through the experimental data points for the 
high molecular weight data. A close agreement between 
the slope of the data points and the theoretical prediction 
in eq 2 is apparent up to volume fractions of at least 0.10 
(log 4 = -1, as indicated by the vertical arrow). 

In contrast to the universal behavior (molecular weight 
independence) observed for the high molecular weight 
polymers, the [values determined from the PEO samples 
having molecular weights of 1500,4000, and 9OOO Da were 
sensitive to the molecular weight of the polymer. The 
deduced [values were observed to increase with an increase 
in polymer molecular weight. This suggests that the 
structure of these solutions is sensitive to the sizes of the 
polymer coils and is therefore indicative of a polymer 
solution which contains identifiable polymer ~ o i l s . ~ * ~  With 
decreasing polymer concentration, the [values for the low 
molecular weight polymers (1500, 4000, and 9OOO Da) 
appear to be increasing toward a limiting value (depend- 
ent on the polymer molecular weight), which in the limit 
of vanishing polymer concentration should become equal 
to Rg/31/2 (according to eq 1). In Figure 3, on the ordinate 
axis, the correlation lengths evaluated according to [ = 
RJ3ll2 are indicated by the horizontal arrows for PEO 
1500,4000, and 9OOO Da, where R, was determined from 
independent theoretical predictions.9 The calculated [ 
values (indicated by the horizontal arrows) appear to be 
consistent with an extrapolation of the measured values 
of [ to vanishing polymer concentration. Clearly, addi- 
tional measurements are required at lower polymer 
concentrations to make a more precise comparison. At a 
fixed volume fraction of low molecular weight PEO, for 
example, log 4 = -1, the value of[ was observed to increase 
with molecular weight but was always bounded by the E 
value of the solutions containing entangled high molec- 
ular weight PEO. The presence of the upper bound is 
consistent with the fact that, with increasing molecular 
weight, the polymer coils entangle into a mesh. Within 
the entangled polymer mesh, the identities of the indi- 
vidualpolymer coils are lost and, therefore, the correlation 
length is observed to become independent of polymer mo- 
lecular weight.% Finally, a more tentative observation 
can be made at high polymer concentrations where the 
correlation length values are small. In Figure 3, it appears 
that in the limit of high polymer concentrations (approx- 
imately greater than a volume fraction of 0.1 or log 4 = 
-1, which is indicated by the vertical arrow), the correlation 
lengths display a universal behavior similar to that 
observed for the very high molecular weight polymer 
meshes, but with a higher value of the slope relating log 
[ to log 4. The observed higher slope is consistent with 
the notion that at sufficiently small log (or alternatively 
sufficiently large log 41, excluded-volume interactions 
between the polymer segments do not swell the local chain 
configuration ~ignif icant ly .~?~ For this situation, a scaling 
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argument similar to that used to obtain eq 2, but without 
excluded-volume effects, leads toM$% 

The dashed (straight) line having a -1 slope which is plotted 
in Figure 3 appears consistent with the experimental 
deduction of & in the high-concentration region, although 
more experimental measurements are required to reach 
a definitive conclusion. 

The central conclusion resulting from the experimental 
determination of the correlation lengths of aqueous PEO 
Solutions is the confirmation of a transition in the polymer 
solution structure, from one containing identifiable poly- 
mer coils to one containing an entangled polymer mesh. 
In particular, at a PEO volume fraction of about 0.1, which 
is close to the concentration of PEO typically encountered 
in the PEO-rich phase of a two-phase aqueous PEO-dex- 
tran system, the onset of the molecular weight depend- 
ence of the correlation length occurs in the vicinity of a 
PEO molecular weight of about 10000 Da. This is 
consistent with the previously reported8 hypothesis of a 
transition in the PEO-rich phase structure on the basis of 
experimentally observed protein partitioning (a thermo- 
dynamic property). As stated earlier? the transition in 
the solution structure is a gradual one, and in practice 
much of the protein partitioning occurs in the crossover 
region (with reference to Figure 3, the crossover for a 
particular PEO molecular weight can be defined as the 
range of polymer concentrations where the correlation 
length of the polymer solution is a function of both PEO 
molecular weight and volume fraction). This conclusion 
is not only relevant to past8tD and future theoretical 
developments but also impacts on our interpretation of 
the neutron scattering from polymer solutions containing 
proteins. That is, for the 5.9% wlw PEO solution of mo- 
lecular weight 8650 Da (with BSA) that we investigate in 
detail in section 5, we have adopted an analysis which 
describes the interactions between identifiable polymer 
coils and protein molecules rather than an entangled 
polymer net interacting with protein molecules. 

B. Neutron Scattering from Solutions of Identi- 
fiable PEO Coils. While in the previous section we 
reported polymer solution correlation lengths deduced 
from SANS measurements in order to identify the polymer 
solution regime, here we seek to provide an analysis of the 
scattering of neutrons from PEO solutions containing 
identifiable polymer coils which can be generalized to 
solutions containing mixtures of protein and PEO, We 
adopt the approach of Benoit and Benmouna,% in which 
the intramolecular and intermolecular correlations are 
predicted from the average configurations of the polymer 
coils in solution, which has been successful in describing 
the scattering from polymer solutions over a wide range 
of polymer concentrations. 

We have examined the scattering of neutrons from a 
solution of 5.9% wlw PEO having a molecular weight of 
8650 Da, since it is in this polymer solution that we have 
examined the excess scattering of neutrons in the presence 
of BSA. If we assume that the polymer coils are, on 
average, spherically symmetric, the scattered intensity of 
neutrons takes the following simple f0rm12-1~ 

5 - aqj-1 (3) 

(4) 

where N2lV is the number density of polymer coils in 
solution, Ap2 is the contrast factor (number of scattering 
si& per unit volume) between the polymer and the solvent, 
V20 is the molecular volume of the polymer coil, Pz(q) is 
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the form factor which reflects the intramolecular corre- 
lations between scattering sites within an individual 
polymer coil, &(q) is the structure factor which reflects 
the contribution to the scattered intensity due to inter- 
molecular correlations between scattering sites residing 
on different polymer coils, and the brackets, ( ), denote an 
averaging over all orientations of the polymer coil. 

For a flexible polymer chain at 8-solvent conditions, 
where the polymer chain statistics are Gaussian, the form 
factor is given by the well-known result first derived by 
Debye,30131 namely 

(5) ~ , 2 ( x )  = -(e-" - 1 + x )  

where x = q2Rg2. For polymers in good solvents, repulsive 
excluded-volume interactions between polymer segments 
within the same coil will cause chains of sufficient length 
to swell in size, and therefore, the chain statistics are no 
longer purely Gaussian.32-35 Accordingly, for swollen 
polymers one can expect some deviation from eq 5. 
However, in the low-q region, specifically for x < 10, the 
deviation has been determined to be ~mall.3~ Significantly, 
since 0 < x < 10 corresponds to the important range of q 
values for the interpretation of the excess scattering from 
the mixture of PEO 8650 Da and BSA (see section 4), the 
approximation involved in using eq 5 does not limit our 
conclusions. 

Benoit and Benmouna29 generalized the classic Zimm 
models for the small-angle scattering from dilute polymer 
solutions to that from solutions of arbitrary polymer 
concentration and obtained 

2 
X 2  
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where N is the number of polymer segments within a 
polymer coil, p2 is the number density of polymer coils (p2 
= Nz/ V), and the parameter v(c) ,  which characterizes the 
strength of the interactions between two polymer segments, 
is an effective parameter which reflects the contributions 
of multiple contacts between polymer chains and also 
depends on the polymer concentration, c. In view of the 
generalized definition of v(c)  and the difficulty associated 
with its a priori estimation,3'we have determined its value 
by fitting eq 4 to the neutron scattering intensity measured 
from a solution of 5.9% w/w PEO having a molecular 
weight of 8650 Da. For the theoretical evaluation of I&) 
we have utilized eqs 5 and 6 in eq 4, along with the 
parameter values9J3 p2 = 4.931 X lo* A-3, Ap2 = 5.710 X 
104 A-2, N = 197, and R, = 36.5 A. In Figure 4, we show 
that a close agreement between the theoretically deter- 
mined I&) values and the experimental values is obtained 
for v(c  = 5.9% wlw) = 28 A3. This deduced value of v(c)  
appears consistent with the independent e s t i m a t i ~ n ~ ~  of 
v ( c )  = 16 %L3 in the limit of vanishing PEO concentration 
in aqueous PEO solutions. At  a higher polymer concen- 
tration, due to an increase in the number of multiple 
contacts between polymer coils, the value of v(c) is expected 
t~increase.~' In general, the addition of salts (for example, 
0.5 M sodium acetate, as used here) will influence the 
effective solvent quality for PEO and thus may also affect 
v(c).  Furthermore, the same change in solvent quality 
can be expected, in general, to influence the average con- 
figuration of the PEO coils, as described by R,. However, 
using the value of R, = 36.5 A for PEO with a molecular 
weight of 8650 Da (determined in pure water and at a 
vanishing PEO concentration): the measured intensity 
appears well predicted. This suggests that, in fact, the 
addition of 0.5 M sodium acetate does not greatly influence 
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Figure 4. Neutron scattering intensity, Z&), as a function of 
the magnitude of the scattering vector, q, for 5.9% PEO 8650 Da 
in DzO: (0) experimental measurement, (-) theoretical pre- 
diction using the theory of Benoit and Benmouna.s2 

the average configuration adopted by the PEO molecules. 
We have also evaluated the polymer solution structure 

factor, S&), using an approach that was motivated, in 
part, by the successful theoretical development reported9 
in paper 2 leading to the prediction of the vapor pressure 
of aqueous PEO solutions in the dilute solution regime. 
In this approach! the polymer-polymer interaction was 
captured in terms of an effective hard-sphere potential, 
and an equation of stateBI4O for the resulting effective hard- 
sphere system was used to predict thermodynamic prop- 
erties of the solution, such a~ the vapor pressure. Although 
a hard-sphere potential was used to describe the inter- 
actions between the PEO coils, the soft and penetrable 
nature of the coils was incorporated into the evaluation 
of their effective hard-sphere sizes.g In a similar spirit, 
we have evaluated &(q) using a hard-sphere de~cr ip t ion~~ 
of the PEO solution and the previously developed hard- 
sphere potentials. Specifically, we calculated Sz(q) from 
the direct correlation function, Cz(q),4O using the well- 
known Ornstein-Zernicke equation41 

(7) 

The direct correlation function for a system of hard spheres 
has been evaluated previously39 using the theory of Per- 
cus and Y e v i ~ k ~ ~  and is a function of 92, the effective hard- 
sphere volume fraction of the polymer coils in the solution, 
which is given by 

1 2  = ;P@; 

where D2 is the effective hard-sphere diameter of the 
polymer coils. For PEO having a molecular weight of 8650 
Da in water and with a Flory-Huggine interaction pa- 
rametefl3va x = 0.45, the radius of gyration, R,, and 
effective hard-sphere radius, 0212, were predicted previ- 
ously to be 36.5 and 22.4 A, re~pectively.~ In Figure 5,the 
predicted intensity of scattered neutrons (full line), Iz(q) 
vs q, obtained using eqs 4,5,7, and 8, is compared to the 
experimentally measured intensity for the solution of 5.9 % 
w/w PEO having a molecular weight of 8650 Da (data 
points). The multiplicative contributions of the form 
factor (dashed line) and the structure factor (dotted line) 
to the total intensity are also shown in Figure 5. 

Inspection of Figure 5 leads to several observations. 
First, in the limit q - 0, where the scattering reflects 
primarily the structure factor, S~(Q) ,  and thus the large- 
scale fluctuations in the system,13 the magnitude of the 
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Figure 5. Neutron scattering intensity, I d q ) ,  as a function of 
the magnitude of the scattering vector, g, for 5.9 7% PEO 8650 Da 
in D20 (0 )  experimental measurement; (-) theoretical pre- 
diction using a hard-sphere structure factor, s~(@ (-); and 
theoretical prediction using a Debye form factor, Pg(q) (- - -). 
predicted scattering intensity (full line) appears to agree 
with an extrapolation of the experimental measurements 
(data points). The scattering in this limit is essentially a 
measure of the thermodynamic state of the system 
(isothermal osmotic compressibility98), and therefore, the 
agreement between the measured and predicted intensity 
in the limit q - 0 is Consistent with the previously 
demonstrated ability of the effective hard-sphere model 
to predict thermodynamic properties, such as the vapor 
pressure, of aqueous PEO solut i~ns.~ This observation 
also supporta our earlier assertion that the addition of 0.5 
M sodium acetate does not greatly perturb the thermo- 
dynamic state of the aqueous PEO solution. It is also 
relevant to note that in the limit q - -, where &(q) - 
1, the form factor of the PEO coils, P2(q), predicts the 
correct magnitude of the measured intensity of Scattered 
neutrons. This observation supporta our description of 
the PEO molecules as Gaussian coils. 

In contrast to the close agreement between the predicted 
and measured neutron scattering intensities in both the 
low- and the high-q regions of Figure 5, at intermediate 
q values a sisnificant oscillation is observed in the predicted 
neutron scattering intensity which is absent in the 
experimentally measured I2(q). This suggests that the 
prediction of the structural properties of the solution using 
an effective hard-sphere model is less successful than the 
prediction of thermodynamic properties. Presumably, this 
arises from the fact that the actual interactions between 
the PEO coils are somewhat softer and longer ranged than 
those accounted for by representing the polymer coils as 
effective hard spheres. Interestingly, the effective hard- 
sphere model appears quite successful in describing the 
excess scattering from solutions of protein and polymer 
(see section 5) suggesting, perhaps, that interactions 
between proteins and polymers are better modeled in terms 
of effective hard-sphere potentials than those between 
two polymer coils. This, in term, may relect the increased 
penetrability of a diffuse and flexible polymer coil toward 
another polymer coil, aa compared to that toward a 
compact and impenetrable protein molecule. 

4. Neutron Scattering from Aqueous BSA 
Solutions 

Measurement of the neutron intensities scattered from 
aqueous bovine serum albumin (BSA) solutions (without 
PEO) served two central purposes. First, we confirmed 

0.5 I \ 
0.4 I 

3 I P 0.2\ 

0.04 0.08 0.12 0.16 0.20 0.24 0.28 

9 (A') 
Figure 6. Neutron scattering intensity, Zp(q), as a function of 
the magnitude of the scattering vector, q, for a solution of 9.9 g/L 
BSA in DzO: (+) experimental measurement; (-) theoretical 
prediction using an ellipsoidal form factor and assuming a 
structure factor sp(q) = 1. 
that the protein solutions were sufficiently dilute so that 
protein-protein interactions had little effect (if any) on 
the intensity of scattered neutrons. Second, the contrast 
factor, App, for BSA in D2O was determined. Both of these 
considerations are a prerequisite for the interpretation of 
neutron scattering from aqueous solutions containing PEO 
and BSA. 

The intensity of neutrons scattered from aqueous BSA 
solutions was measured and interpreted using eq 4, where 
the subscript 2 (for the polymer) is now replaced by p to 
denote the protein. To simplify the interpretation of the 
BSA solution scattering, we have investigated solutions of 
BSA (in 0.5 M sodium acetate) which are sufficiently dilute 
for the protein molecules to be uncorrelated in their 
 position^.'^ Accordingly, Sp(q) = 1, and the scattered 
intensity of neutrons should reflect solely the intramo- 
lecular correlations between scattering sites within indi- 
vidual BSA molecules. Under the condition of S,(q) = 1, 
eq 4 simplifies to 

The shape of a BSA molecule is ellipsoidal,l"l7 and 
therefore the simple form factor for a sphere does not 
adequately describe the intensity of neutrons scattered 
from BSA solutions. In keepingwith the previous neutron 
scattering investigations of BSA,'"17 we have calculated 
the form factor of BSA as a prolate ellipsoid having 
dimensions 70 X 20 X 20 A3. 

In Figure 6, the measured intensity of neutrons scattered 
from a 9.9 g/L BSA solution is compared to the theoretical 
evaluation using eq 9, where the contrast factor, App, was 
treated as a fitting parameter. For the calculation of the 
intensity of scattered neutrons, Ip(q), reported in Figure 
6, we have used Vp = 117 300 A3,I5 and the number density 
of BSA molecules was calculated from the BSA concen- 
tration (9.9 g/L) as N,JV = 9.020 83 X 10-8 A-3 using a 
BSA molecular weight of 66 700.21 The best fit of the 
theoretical evaluation and the ex erimental intensity was 

to the value of 2.5 X lo+ A-2 obtained by Bendedouch and 
Chen.15 The good agreement between the measured and 
calculated neutron scattering intensities supports the view 
of the protein as being ellipsoidal, as well as the assumption 
of Sp(q) = 1. The intensity of scattered neutrons was also 
calculated assuming spherical molecules with a volume 

obtained with App = 2.1 X lV 1 which is comparable 
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equivalent to that of the BSA molecule (not shown), and 
a significant deviation of the theoretical evaluation from 
the experimental data was evident. 

5. Neutron Scattering from Aqueous Mixtures of 
PEO and BSA 

Equation 4 can be generalized to describe the case of 
small-angle neutron scattering from a binary macromo- 
lecular mixture (PEO and BSA) in solution.45 The general 
expression, simplified for the case where the protein is 
sufficiently dilute such that S,(q) = 1 (see section 4 and 
below), is 

where Spa(@ is the partial structure factor which is of 
central interest to us since it contains the contribution of 
the interactions between the protein and the polymer 
molecules to the correlations within the solution that are 
reflected in the scattered intensity. Accordingly, it is useful 
to define the excess scattering of the mixture, Iex(q), by 
subtracting from the total intensity, I (@,  the intensity of 
neutrons scattered from aqueous solutions of protein (fiist 
term in eq 10) and polymer (third term in eq lo), separately. 
Subtracting these terms from eq 10 yields 

It is important to qualify the conditions under which 
the subtraction leading to eq 11 is valid. Specifically, 
subtraction of the single-component scattering from the 
mixture is only valid under the conditions for which the 
form factors, Pp(q) and Pdq),  and the structure factors, 
S,(q) and S&), are the same in the mixture and the single- 
component solutions. Experimentally, this can be verified 
by measuring the excess scattered intensity of neutrons 
as a function of protein concentration. According to eq 
11, if the subtraction is valid, the excess intensity, l e x ( q ) ,  
will be linearly proportional to the protein concentration 
(S,z(q) scales as see eq 13). This has been verified 
to be true for aqueous solutions of PEO and BSA up to 
5 g/L BSA, at least, using light scattering measurements.& 
Furthermore, and as reported in section 4, the interpre- 
tation of the scattering of neutrons from a 9.9 g/L BSA 
solution (without polymer) was consistent with the fact 
that the interactions between BSA molecules make a 
negligible contribution to the overall scattered intensity 
of neutrons. 

The measured excess scattered intensity froma solution 
containing 9.9 g/L BSA and 5.9% w/w PEO having a mo- 
lecular weight of 8660 Da is reported in Figure 7 (data 
points). The excess scattering was measured to be negative 
over the entire range of q values (0.02-0.28 A-9. Qual- 
itatively, this indicates that the net interaction between 
polymer coils and protein molecules in solution is repul- 
sive.13 In the limit q - 0, the excess scattered intensity 
can be related to the concentration fluctuations in solution 
by4e 

where SNJ Vie the instantaneous fluctuation in the number 
density of molecules of type i (i = 2 or p) in solution and 
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Figure 7. Excees neutron ecatteringintensity,P(q), asa function 
of q, the magnitude of the scattering vector, for a solution of 9.9 
g/L BSA and 5.9% w/w PEO 86M) Da in DzO (0) experimental 
measurement, theoretical prediction using a hard-sphere mixture 
structure factor with three different protein sizes [(- - -1 34 A, 
(-) 29 A, (a**) 24 A]. 

K is a positive constant. When a net repuleion exists 
between the two species, on average, the two species will 
tend to reside apart from one another, and as is reflected 
in Figure 7, the right-hand side of eq 12 will be negative. 
Alternatively, for a net attraction between the molecules 
in solution the excess scattered intensity will be positive.w 

In Figure 7, as the magnitude of the scattering vector 
increases, the excess scattering approaches zero asymp- 
totically. This is because the scattering in the high-q region 
is dominated by intraparticle correlations which are 
essentially the same in both the mixture and the single- 
component solutions.12-14 

The challenge in quantitatively predicting the excess 
scattered intensity, lex(@, is in evaluating the partial 
structure factor Sp2(q) (see eq 13), since allother quantities 
required to predict Iex(q) can be evaluated from the 
scattering measurements reported in sections 3 and 4. The 
partial structure factor, S,z(q), can be calculated using 
the Ornstein-Zernike equation'l for a two-component 
hard-sphere system from the direct correlation functions, 
C&).41947 This calculation is simplified since in section 
4 it was demonstrated that the protein concentration is 
sufficiently low such that S,(q) = 1. In that case one 
obtains 

(13) 

Furthermore, in the limit of vanishing protein concen- 
tration, the influence of the protein presence on the 
structure of the polymer solution will vanish, and therefore, 
S2(q) will be unchanged from the measurement and 
evaluation presented in section 3. To evaluate the direct 
correlation functions, C&) and Cp2(q) appearing in eq 13, 
three approaches were explored (eee below), each of which 
contained different approximations. Despite this, they 
all lead to the common conclusion suggesting the presence 
of attractive interactions between the protein molecules 
and the polymer coils (in addition to the steric repulsions). 

In the first approach, the structure factors, S 2 ( q )  and 
S2(q), were predicted from the direct correlation !unctions 
for a hard-sphere mixture, C 4 q )  and C2(q), respectively, 
which have been derived previously by Lebowitz" using 
the Percus-Yevick equation42 generalized for a multicom- 
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ponent syetem.M#’g The inputs which are required to 
evaluate the direct correlation functions are the effective 
hard-sphere potentials of the polymer and the protein 
molecules. For PEO having a molecular wei ht of 8650 

consistent with the hard-sphere potential used to predict 
the thermodynamic properties of aqueous PEO solutions 
in paper 29 and is also the potential used to predict the 
small-angle neutron scattering from PEO solutions in 
section 3. The effective hard-sphere protein radius was 
treated initially as a fitting parameter and subsequently 
compared with that evaluated using the Monte-Carlo 
method described in paper 2.9 Note that the effective 
hard-sphere radius of the BSA molecule, when interacting 
with PEO, is not, in general, equal to the physical protein 
radius since the effective BSA hard-sphere radius reflects 
the deformable nature of the PEO coLg In Figure 7 the 
experimental excess scattering is compared to the excess 
scattering predicted using the hard-sphere mixture struc- 
ture factor for three different effective hard-sphere protein 
sizes of 34,29, and 24 A. The best agreement between the 
experimental data points and the theoretical prediction 
ie obtained when a BSA radius of 29 A is used. This value 
is significantly smaller than 37 A, the value obtained for 
the effective hard-sphere radius of BSA assuming only 
steric interactions between BSA and the PEO molecules 
(see paper 2) using the Monte-Carlo method.9 This 
observation is suggestive of an attractive interaction 
between the protein and the polymer molecules (in addition 
to the steric repulsion).l%l4 The influence of an attractive 
interaction between PEO and BSA would be to decrease 
the effective hard-sphere radius of a BSA molecule. 
Despite the weak attraction, the net interaction between 
the protein and the polymer molecules (which includes 
the contribution of steric interactions) remains repulsive, 
and thus the excess scattering intensity is negative. 

In the second approach, the direct correlation function 
C,&) was also calculated from the Perm-Yevickequation 
for hard-sphere mixtures,4’ but in contrast to the first 
approach, the polymer structure factor, S2(q) (or alter- 
natively Cz(q)), was evaluated using the previously de- 
scribed approach developed by Benoit and Benmounaem 
This alternative description of the polymer solution was 
explored here because in section 3 it was shown that it 
leads to a better description of the polymer structure factor 
than does the hard-sphere model, particularly for inter- 
mediate q values. The effective hard-sphere polymer and 
protein radii used for the evaluation of CP2(q) were 
unchanged from the first approach. The result of this 
evaluation (not shown) was almost identical to the 
theoretical predictions presented in Figure 7. This sug- 
gests that the excess scattering intensity, P ( q ) ,  is not very 
sensitive to the form of the PEO-PEO structure factor 
and, accordingly, that the correlations in the PEO coil 
positions (due to PEO-PEO coil interactions) do not have 
a dominating effect on the PEO-BSA correlations. 

In the third approach, the excess scattering was pre- 
dicted by explicitly introducing an attractive interaction 
between the protein and the polymer molecules, in addition 
to their steric repulsion. These two features, a repulsive 
core and an attractive part, are captured in the sticky 
hard-sphere potential model introduced by Baxter,m which 
has been applied successfully to the description of mi- 
croemulsions61*62 and other colloidal systems.m The model 
interaction potential for the case of a binary mixture 
(components n and m) is expressed in terms of T ~ ,  the 
Stickiness parametefl (which characterizes the strength 
of the attractive interaction between the polymer coils 

Da, the effective hard-sphere radius is 22.4 pr. This is 
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Figure8. Exc~neutronscatteringintensity,ZYq),asafunction 
of q, the magnitude of the Scattering vector, for a solution of 9.9 
g/L BSA and 5.9% w/w PEO 8650 Da in DzO (0) experimental 
measurement, theoretical prediction wing a sticky hard-sphere 
mixture structure factor with three different stickmew param- 
eters, ~~2 [(-) 0.3, (-) 1.5, (-) -1. 

and the protein molecules, and where 7,,,,, = QJ corresponds 
to the hard-sphere limit, namely, no stickiness), and D, 
and Dm are the hard-sphere diameters. For the case of a 
hard-sphere mixture with attractions between unlike 
species only, an analytical equation can be derivedM for 
Cp2(q) using the Percus-Yevick appr~ximation.~~ The 
inputs to the evaluation of the sticky hard-sphere structure 
factor are the effective hard-sphere diameters of the 
proteins (D,) and the polymers (D2) and the stickiness 
parameter ( 7 ~ 2 ) .  As discussed above, the effective hard- 
sphere diameters which characterize the PEO-PEO coil 
interaction and the PEO-BSA steric interaction have been 
determined previously to be 44.8 and 74 A, respe~tively.~ 
In Figure 8, the excess scattering intensity measured 
experimentally is compared to the predicted intensity wing 
the sticky hard-sphere structure factor for various values 
of the stickiness parameter, ~ ~ 2 .  An inspection of Figure 
8 reveals that in the absence of any attraction between the 
protein and the polymer molecules ( ~ ~ 2  = QJ), the predicted 
excess scattering is more negative than that observed 
experimentally in the low-q region. Furthermore, accom- 
panying an increase in the strength of the attraction (a 
decrease in 7p2), the predicted excess scattering intensity 
approaches that observed experimentally. A stickiness 
parameter of approximately ~ , 2  = 1.5 was determined to 
produce the closest fit of the predicted excess scattering 
intensity to the experimental data. 

Finally, it is relevant to discuss the “hump” that is 
present in the predicted excess scattering intensity at  q 
Y 0.1 A-1 in both Figures 7 and 8. In view of the earlier 
discussion of a similar hump in the predicted scattering 
of a PEO solution (see Figure 51, the most likely expla- 
nation lies in our characterization of the protein-polymer 
interaction using an effective hard-sphere model. In 
reality, the true interaction potential wi l l  be “softer” and 
longer ranged than the effective hard-sphere potential, 
and the effect of this “softness” will be to reduce the 
strength of the correlatione within the solution, that is, to 
damp the oscillations in the structure factor. However, 
it is important to note that these considerations do not 
affect our conclusions in both the lower-q and higher-q 
regions, where good agreement is observed between the 
experimental and the theoretically predicted intensity. 

To make a quantitative comparison between the strength 
of the attraction required to describe the neutron scattering 
data (7 2 = 1.5, in the notation of the sticky hard-sphere 
model d 1 and the strength of the attraction required in 
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paper 2 to account for the influence of PEO molecular 
weight on the protein partition coefficient (E, in the 
notation of papers8v9 1 and 2), the second virial coefficient 
reflecting protein-polymer  interaction^^^ was calculated 
for both models. For the sticky hard-sphere mode1,W the 
second virial coefficient describing the protein-polymer 
interactions, B p 2 ,  is related to the stickiness parameter 
and the hard-sphere diameters by53 

(14) 

By substitution of sticky hard-sphere parameter values 
that describe the measured excess scattered intensity 
(determined above), that is, 7p2.= 1.5, D2 = 44.8 A, and D, 
= 74 A, the second virial coefficient was evaluated from 
eq 14 to be 4.66 X lo6 A3. Using the Monte-Carlo approach 
described in paper 2, the same value of the second virial 
coefficient is obtained with an attractive interaction energy 
o f t  = 0.05kT (per polymer segment interacting with the 
protein surface). The strength of the attractive interaction 
energy, e = 0.05kT, predicted here from the measured 
intensity of neutrons scattered from an aqueous BSA- 
PEO solution, is consistent with previous values (0.OlkT 
to O.lOk7') obtained on the basis of our earlier thermo- 
dynamic models for protein-polymer interactions:J' which 
successfully predicted the partitioning behavior of pro- 
teins, such as BSA, in two-phase aqueous polymer systems 
containing PEO. 

6. Concluding Remarks 
We have reported experimental measurements of the 

intensity of neutrons scattered from solutions of PEO in 
D 2 0  over a wide range of PEO concentrations and mo- 
lecular weights. The correlation lengths of the PEO 
solutions were determined from these experimental mea- 
surements, and a transition in the nature of the polymer 
solution phase was observed. That is, with an increase in 
PEO molecular weight, the PEO-D20 system undergoes 
a transition from a polymer solution containing individ- 
ually dispersed polymer coils to one containing an en- 
tangled mesh of polymers. Significantly, the PEO solution 
conditions at which the transition is observed correspond 
closely to those encountered in the PEO-rich phase of a 
two-phase aqueous PEO-dextran system utilized in protein 
partitioning experiments. In the spirit of the microscopic 
models of polymer solutions containing proteins proposed 
in two earlier papers of this series,8*9 these experimental 
observations support our hypothesis that the underlying 
cause of a number of trends observed in protein parti- 
tioning measurements is the transition in the underlying 
polymer solution structure.8 This recognition is funda- 
mental for the development of physically based models of 
protein partitioning in two-phase aqueous polymer sys- 
tems. 

Neutron scattering measurements from solutions con- 
taining a mixture of PEO and BSA determined that the 
net interaction between the BSA and the PEO molecules 
is repulsive. Despite this net repulsive interaction, a simple 
model of the solution structure and the associated excess 
scattering suggests that the repulsive interaction is less 
than that expected on the basis of stericinteractions alone. 
Accordingly, the existence of an attractive interaction 
between the protein and the polymer molecules is proposed 
on the basis of the predicted structure of the solution, as 
reflected in the SANS intensity measurements. This is 
consistent with previous statistical-thermodynamic mod- 
els for the interactions of proteins and polymers which 
also suggested the presence of a weak attraction, in addition 

to the steric r e p u l s i ~ n . ~ - ~ J ~ ~ ~  Quantitatively, both sta- 
tistical-thermodynamic models and structural models for 
PEO solutions containing BSA predict that an attractive 
interaction of approximately 0.05kT (per polymer segment 
at the protein surface) exists between PEO and BSA. While 
clearly additional experiments with PEO over a range of 
molecular weights and concentrations, and with a variety 
of other proteins are required to solidify the propositions 
of this paper, the consistency between the microscopic 
models, statistical-thermodynamic theories, protein par- 
titioning, and neutron scattering measurements is satis- 
fying, and a unified description of interactions between 
certain types of proteins and polymers appears to be 
emerging. 
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