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Determination of Preferential Interaction Parameters by Multicomponent Diffusion.
Applications to Poly(ethylene glycol)-Salt—Water Ternary Mixtures

Cong Tan, John G. Albright, and Onofrio Annunziata*
Department of Chemistry, Texas Christian hrisity, Fort Worth, Texas 76129
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Poly(ethylene glycol) (PEG) is a hydrophilic nonionic polymer used in many biochemical and pharmaceutical
applications. We report the four diffusion coefficients for the PE®&I—water ternary system at 28

using precision Rayleigh interferometry. Here, the molecular weight of PEG is 20 kgt,nvahich is
comparable to that of proteins. The four diffusion coefficients are examined and used to determine
thermodynamic preferential interaction coefficients. We find that the PEG preferential hydration in the presence
of KCl is 1 order of magnitude larger than that previously obtained under the same conditions for lysozyme,
a protein of similar molecular weight. In correspondence, the coupled diffusion in the PEG case was greater
than that observed in the lysozyme case. We attribute this difference to the greater exposure of polymer coils
to the surrounding fluid compared to that of globular compact proteins. Moreover, we observe that the PEG
preferential hydration significantly decreases as salt concentration increases and attribute this behavior to the
polymer collapse. Finally, we have also employed the equilibrium isopiestic method to validate the accuracy
of the preferential interaction coefficients extracted from the diffusion coefficients. This experimental
comparison represents an important contribution to the relation between diffusion and equilibrium
thermodynamics.

Introduction The main diffusion coefficientd),; andD,,, describe the flux

The chemical potential of macromolecules in aqueous solution O_f a s_olute du? _to Is own concentration grad_|ent, while cross-
ﬁlffusmn coefficientsP1, andDyy, are responsible for the flux

is perturbed by the presence of osmolytes such as salts and sma . -
P y b y of a solute due to the concentration gradient of the other solute.

organic molecule$:® The primary thermodynamic effects of h ously sh h i diffusi
these additives on macromolecules are believed to be preferentiaﬁve ave previously shown t a.t mu tlcomponent fiusion can
e used to extract preferential interaction coefficients for

solvation! binding? and Donnan equilibriurh.Understanding ) - AT
how the chemical potential of a macromolecule is affected by YS0Zyme-salt-water systems using precision Rayleigh inter-
the concentration and nature of osmolytes is important for ferometry®10-13:16
characterizing free-energy changes of individual macromolecules Here, we report multicomponent-diffusion measurements and
and it is a necessary step for describing the collective behavior preferential interactions coefficients for the poly(ethylene
of macromolecules in solutions. By use of equilibrium dial{sis  glycol)—KCl—water ternary system at 25 using precision
and vapor pressure osmomefrpreferential interaction coef-  Rayleigh interferometry. In this work, the molecular weight of
ficients have been determined for several prot@amolyte poly(ethylene glycol) (PEG) is 20 kg mdl comparable to that
aqueous solutionsThese studies have been motivated by the of proteins. This investigation has been motivated by the
strong interest in protein solubility, protein unfolding, and following three reasons. First, PEG is a hydrophilic nonionic
biochemical reactions:3 polymer used in many applications including the partitioning
Macromolecule-osmolyte thermodynamic interactions are and the precipitation of biomacromolecules using PE@It
also central for understanding diffusive mass transport of aqueous systems and the preparation of PEG-based materials
macromolecule8:13 Indeed a gradient of osmolyte concentra- for drug delivery application¥’~1° Knowledge of multicom-
tion can generate a gradient of macromolecule chemical potentialponent diffusion coefficients and thermodynamic parameters on
and vice versa. This is responsible for coupled diffusion in PEG-salt aqueous mixtures is generally important for the above
systems with two or more solutes. In the case of a macromol- applications. However, to our knowledge, measurements of
ecule (1)-osmolyte (2)-solvent (0) ternary mixtur& diffusion preferential interaction coefficients for these systems have not
is described by the extended Fick’s first labv: been reported yet and diffusion coefficients for PElt
aqueous mixtures are only available for PEG oligonie?3.

—J1 =Dy VC; + D1V, (1a) Second, preferential interaction coefficients have usually been
. determined for protein systems. A comparison between-PEG
> = D1 VG, + DopVG, (1b) salt and proteirsalt interactions will be valuable for under-

standing differences in hydration between PEG and proteins.

Hence, we will compare our results with those previously

obtained on the lysozymeKCl—water ternary systefmThird,

the determination of preferential interaction coefficients based
*To whom correspondence should be addressed. E-mail: ON Multicomponent diffusion assumes the validity of the three

O.Annunziata@tcu.edu. Phone: (817) 257-6215. Fax: (817) 257-5851. postulates of nonequilibrium thermodynamiésThus an ex-

Here,C; andC, are molar concentrations of the two solutés,
and J; are the corresponding molar fluxes, and the fbyts
(with i,j = 1,2) are the multicomponent diffusion coefficients.
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perimental comparison between our diffusion-based method and — (© (©
equilibrium technigues represents a very important contribution (D)o = (Laottia + (Ladortzn ®0)
to both equilibrium and nonequilibrium thermodynamics. We _ ¢ ¢
have made this comparison by measuring preferential interaction (Do = (L21)°u(12) + (L22)0u(22) (5d)
coefficients also using the isopiestic equilibrium metRbd. where theuf?’s are defined bAli(,-C) = (3uildC)1 p.okicsi, WhereT
is the temperature arglthe pressuré>2°

The thermodynamics of macromolectigalt aqueous mix-

We now outline the relationship between multicomponent tures is commonly described using molality-based chemical
diffusion and the preferential interaction coefficient. The dif- potential derivatives:/;i(jm) = (9l M) T pmuies, Wherey; is the
fusion coefficients in eq 1a,b can be described relative to
different reference framé4:in the volume-fixed frame, the
fluxes of the components of a ternary system satidfy,\o +
(JD)vV1 + (I2)vV2 = 0; in the solvent-fixed frame, we havé)p
= 0. Here,J; andV; are the molar flux and partial molar volume (C/m)(L—CV, — Cz\_/z)#(lcl) =
of componenti, respectively. The subscript “V” denotes the =\ ) =
volume-fixed frame. The subscript “0” denotes the solvent (1= CVouiy + CVyuy, (6a)
component when appended directly to a flux and denotes the _ 1\ ©
solvent-fixed frame when appended outside the parentheses tdCy/m)(1 — C,V; — CVouz, =
an already subscripted flux or diffusion coefficient. Since (1- Cl\‘/l)ﬂ(lrg)_,_ Cl\_/zu(lT) (6b)
concentration differences are small and volume changes on
mixing are negligible, our measurements correspond, to an(c,/my)(1— C,V, — C,V,)ul) =
excellent approximation, to the volume-fixed frafieiere, we =\ m) - m)
report isothermal diffusion coefficients for both the volume- (1= CVuzy + CVuy, (6¢)
and solvent-fixed frames. The solvent-fixed frame coefficients, _ =\ ©
(Djj)o, are related to the volume-fixed frame coefficieridg )y (CIm)(1 — CV; — CVouz, =

Theory

chemical potential of théth component anddy = u{p.

The u{™s are related to the”'s by the following linear

relations?®

i i 6—-27 & O
by the following relation$! 1 — C VU + cVul? (6d)
((DDH)S :+ [CJ(L— CVs — CUIY, Doy + V, (D] (2) The preferential interaction coefficier;,, is defined by
1Wv 1\L 7 VT Vo 1\M1yv 2 \M2v a
9 (m)
(D1)o= Ip= "rﬂo(%‘z) = _"rﬂo% (7)
(Dpy +[C/(1— Cl\_/l - CZ\_/Z)][\_/:L (Do \_/2 (Dol (2D) ™ YuzTp ™ U
(Dy0)0 = We now show how to relatE;, to the solvent-frame diffusion

coefficients. We can first solve eq 5d with respect tol(;5)o
and (21)o. We can then use eq 4 to obtain:

(D22 = ) o . (D1)4t — (D14 = (D,) e — (D)  (8)
(D9 +[CHL~ CY; ~ GV, Or)y + YV, (0,] (20) et = Paadtsz = Bandptzz = (Dot
By inserting eq 6ad into eq 8 and solving with respect to

The linear laws of nonequilibrium thermodynamics for  (m), m) .
isothermal diffusion in terms of the Onsager diffusion coef- #azluzz’, we obtain:
ficients (ODCSs), j)o, are simpler in the solvent-fixed frarde” ™7™ — rD. (1 - C.V.) — (D..).C.V. —
In this frame, the fluxes for a ternary system can be written as *12'*/22 {20 V)~ (PG,

(Dyyy +[C/(1— Cl\_/l - C2\_/2)][\_/1 (Dypy + \_/2 (D] (2¢)

(myy, (M) —C\) — \/ —
—(3)o = (D1)oVC, + (D12)oVC, = (Ly1)oVity + (u1y //‘_422 (D1p)o(1 sz_z) (D110 Clv_z]}/{ (D2oo(1 ]
(le)ovﬂz (3a) C2V2) - (Dll)o(l - C1V1) + (D12)O C2V1 - (D21)0C1V2}
9)
—(Jo)o = (D21)oVCy + (D3)gVC; = (Lop)o Vi, + . N -
(Ly)oVit, (3D) Equation 9 shows that ternary diffusion coefficients can be used
220772 to determine{D/u$y, provided that!? andx{D are known.
wherey; is the chemical potential of thith component and We further remark that the accuracy @}’ need not be high,
i.e.,~100% error inu{? results in only~1% error inu{D/ulD.
(L12)o = (L2no (4) This implies tha]u(lnl‘) = 1/my is an excellent approximation for

relatively low macromolecule concentrations10 mg/mL).
Indeed, several terms contribute only marginally to the value
ofulD/ul) and eq 9 can be approximately written as:

Equation 4 represents the Onsager Reciprocal Relation (BRR).
The linear relations between fluxes and thermodynamic driving
forces together with the ORR are the results of the three

postulates of nonequilibrium thermodynamigsVe can use eqs (m) (D,)

3a and 3b to relate the solvent-fixed diffusion coefficients and Hiz  Wao C.V (10)
. (m) D 2V1

ODCs according to Uy (D22o
(D110 = L1ty + (Ly)us) (5a) Materials and Methods

© © Materials. Poly(ethylene glycol) (PEG) with molecular
(D12 = (Lioutis + (LiDouzz (5b) weight ca. 20 kg matt, 99% purity was purchased from Aldrich
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TABLE 1: Ternary Diffusion Coefficients for the PEG —KCI —H,0 System at 25°C

C1 (MM) 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
C> (M) 0.2000 0.2500 0.3000 0.5000 0.9998 2.0000 2.2996
Vo (M™1) 0.01807 0.01807 0.01807 0.01806 0.01805 0.01801 0.01800
Vi (M) 16.76 16.77 16.76 16.79 16.84 16.92 16.95
Vs (M1 0.02819 0.02824 0.02836 0.02885 0.02991 0.03131 0.03164
(D1p)v (10°m?s?)  0.06010+ 0.06016+ 0.06082+ 0.06107+ 0.06230+ 0.06356+ 0.06393+
0.00004 0.00007 0.00003 0.00012 0.00010 0.00016 0.00020
(Di2v (10°m2sY)  0.000056+  0.000056t  0.000056t  0.000053t  0.000056t  0.000054:  0.000055+
0.000001 0.000002 0.000001 0.000003 0.000002 0.000002 0.000003
(Day)v (109 m2sY)  14.7+0.1 17.4+ 0.2 21.2+0.1 32.2+0.3 61.0+ 0.2 119.0£0.9  137.9+ 0.6
(Da2v (10°m?sY)  1.80440.001 1.809t 0.002 1.804f 0.005 1.816+0.002 1.859t0.001 1.963t 0.002  1.997: 0.002
(D12)o (10°m2s™Y)  0.06010 0.06048 0.06121 0.06160 0.06304 0.06489 0.06537
(D12)o (10°°m?s™Y)  0.000070 0.000069 0.000069 0.000066 0.000070 0.000071 0.000072
(D2)o (10°m2sY)  14.7 17.8 21.6 33.2 64.0 129.3 151.5
(Da2)o (109 m?s™Y)  1.804 1.822 1.820 1.843 1.919 2.097 2.162
AM/RT(Kg mol5) 3949 3944 3938 3915 3857 3738 3697
AD/RT(Kg mol ) 8.853 7.052 5.858 3.489 1.746 0.899 0.791
“Ti 5.140.2 5.7£0.2 7.1£0.2 10.0+ 0.3 17.4+ 0.2 30.2+ 0.6 34.3+ 0.4

and used without further purification. Because the polydispersity combinations of solute concentration differences across the
of PEG is given by a narrow Poisson distribution function, it diffusion boundary. To verify reproducibility, two other dupli-
does not significantly affect diffusion coefficients. Thus it is cate experiments were performed at each set of mean concentra-
reasonable to assume that only one monodisperse macromoltions.
ecule is preseri. The molecular weight, for PEG was taken Isopiestic MeasurementsTo verify the accuracy of thE:,
to be 20 000 g mot* and its density as 1.3 g crifor buoyancy  yajues obtained using eq 9, we have also performed isopiestic
corrections. Deionized water was passed through a four-stagemeasurements on the PE&Cl—water ternary system. The
Millipore filter system to provide high purity water for all the  jsgpjestic method is based on the chemical equilibrium of
experiments. The molecular weight of'WatMG, was ta}ken as  yolatile components in a mixtufé For the PEG (13KCl (2)—
18.015 g cm®. Mallinckrodt AR KCI with 99.9% purity was  \yater (0) mixture, it is an excellent approximation to assume
dried by heating at 450C for 7 h and used without further  nat water is the only component that is volatile. Mixtures of
purification. The molecular weight of KCM;, was taken 10 known weight and composition are placed inside open cups of
be 74.55 g.moll. . . inert metal (tantalum in our case), which are then placed in a
All solutions were prepared by mass with appropriate qnner plock inside a desiccator. The desiccator is then partially
buoyancy corrections. Stock concentrated solutions of PEG wereg,,acuated and placed in a thermostatted water bath at 25.00
made by weight to an accuracy of 0.1 mg. Density measurementsy 1 °c. The solutions are allowed to reach equilibrium as the
(Mettler-Paar DMA40 density meter) were made on the stock gqent redistributes itself among the mixtures. This equilibration
solutions for buoyancy corrections. The pairs of solutions for process normally takes a time ranging from 1 to 4 weeks. After

each diffusion experiment were prepared by weight. For binary o jjjiprium has been reached, the chemical potential of the
PEG-water experiments, precise masses of PEG stock solutions,

: : - solvent is equal for all mixtures inside the desiccator. Note that
were diluted with pure water to reach the final target PEG s niastic measurements are significantly longer than single
concentrations. For binary KEWwater soll_Jtlons, precise masses it sion measurements, which, normally, take less than 6 h.
of pure salt were added to flasks and diluted with pure water to . . . . .
reach the final target KCI concentrations. For ternary PEG For each experiment, a given binary Kﬂ?"a‘er SOIUt'Qn.th
KCl—water solutions, precise masses of PEG stock solution andknown composition was prepared' by weight and split into two
pure salt were added to flasks and diluted with pure water to solutions. A known amount of solid PEG was .added o one of
reach the final target PEG and KCI concentrations. The densitiestéM- Four amounts of binary KEwater solutions and four

of these solutions were measured to determine the correspondin mounts of ternary PEGKCI—Wate_r solutions were place_d
molar concentrations and to calculate partial molar volumes. INSide €ight tantalum cups. The weights of the eight solutions

Diffusion Measurements.Binary and ternary mutual diffu- ~ WEre measured by first measuring the mass of each empty cup.

sion coefficients were measured at 25@with the Gosting ~ APProximatey 1 g of solution was placed in each cup and a

diffusiometer operating in the Rayleigh interferometric optical Préweighed cap with an O-ring seal was immediately placed
model0.113132The refractive index profile inside a diffusion N the cup. The assembled cap and the solution were weighed

cell is measured as described in ref 11 and references thereint© 0-1 mg precision, and the mass of solution calculated. The
We obtain 50 refractive index profiles during the course of each ¢aPs were removed and the cups were placed in the apparatus
experiment. Experiments were performed by the free-diffusion @nd equilibrated. When the chambers were open to remove the
method in a 10 cm vertical diffusion cell with a 2.5 cm Cups, the s_et of elght_caps were simultaneously pushed _onto
horizontal optical path length and a 0.3 cm width. The the cups using a special cap h(_)lder. The cups Were_then lifted
temperature was regulated+®.001°C precision and-0.01°C out of the copper block and weighed to 0.1 mg precision. The
accuracy. Initial step-function distributions of solute concentra- final molalities were calculated from weight changes and initial
tions were prepared with the boundary located at the center ofcOncentrations.

the cell. All experimental data were obtained before detectable For the four binary KCtwater mixtures, the average KClI
concentration changes occurred at the top and bottom ends ofmolality, nm',, was determined. For the four ternary PEKCI—

the cell, consistent with the free-diffusion boundary condition. water solutions, the average PEG molality, and the average

A minimum of two experiments is required for determining the KCI molality, m,, were determined. We have then computed
four diffusion coefficients at a given set of mean concentrations the quantity fn, — m';)/my. Measurements at several values of
(Cl, C,in Table 1). These two experiments must have different m; allow us to determine dfny/dmy),o in the limit of my
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Figure 1. Volume-fixed diffusion coefficients as functions of KCI concentratiGg, for the PEG-KCI—H,0 system aC, = 0.25 mM and 25C:

(@) O1y)v; (b) (D22)v; () (Di2)v; (d) (D21)v. The solid curves are fits through the ternary experimental points. The dashed curve (data points

omitted) is a fit through the binary KCI diffusion coefficients taken from ref 33. The open circles are our measured binary values.

approaching zero. In this limit, we also obtairting/om),o =
(amy/omy),2 according to the GibbsDuhem equation.

Results

In this section, we describe our results for ternary diffusion
coefficients for the PEG (})KCI (2)—water (0) system at
25°C. In Table 1, we report experimental parameters related
to the diffusion experiments for the ternary PEGAKLCI (2)—
water (0) system at seven mean KCI concentratons 0.20,

0.25, 0.30, 0.50, 1.00, 2.00, and 2.30 M and the same mean

PEG concentration o€; = 0.25 mM. We observe that this
concentration falls inside the dilute-solution regime and is lower
than the PEG concentrations normally employed for the
precipitation of biomacromoleculé$!® The volume-frame
diffusion coefficients D)y and the corresponding eigenvalues,
A1 andZ,, were obtained by applying the method of the nonlinear

least-square as described ref 32. In Table 1, we also report the

partial molar volumes: ¥ V», and \4, obtained from density
measurements. Thg'¥were used to calculate the solvent-frame
diffusion coefficients Dj)o from the Oj)v’s using eq 2&ad.
The chemical potential derivative{?, was calculated using:
/A(l”f)/RT = 1/my. On the other hand, the chemical-potential
derivative, u$p, was calculated from the available activity
coefficient data of the binary K€lwater system taken at the
sameny, values?® Since the experimental PEG concentration
is low, the preferential interaction coefficiefiit;, is calculated
using eq 9 with the approximation thBf, = —u{D/u{.13 The
calculated values of';, are reported as a function of KCI
concentration. Experimental details related to individual ternary
diffusion experiments and binary experiments on the-K@hter
system are available as Supporting Information.

In Figure 1a-d, we illustrate the behavior of the fouDi)v
as a function of salt concentration. In Figure 1a, we show that
(D11)v increases withC,. This implies that PEG diffusion is

0.065 T T T T

0.064
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(Dyy)y (VM) (10°m?s™)

0‘059 PR S W SN T WU S U WU SN ————
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Figure 2. Viscosity-corrected M11)v(n/no) as a function of salt
concentrationC,, for the PEG-KCI—H;0 system. The solid line is a
linear fit through the experimental points. The viscosity coefficients
of the binary sal-water systems were taken from ref 37.

25

enhanced in the presence of salt. At low concentration of neutral
macromolecules, we expect th&t;f)y ~ Dpn,3435whereDy, is

the infinite dilution tracer diffusion coefficient of the macro-
molecule. Indeed our experimental value for the binary PEG
water system a€C; = 0.25 mM is D11)y = 0.05990x 107°
m2s~1. This value is 4% higher than the corresponding tracer
diffusion coefficient D, = 0.0574x 10-2 m?s~1).36 According

to the Stokes Einstein equatioi® the isothermal dependence
of Dy on salt concentration can be attributed to changes in salt
water viscosity and macromolecule hydrodynamic radius. To
remove the effect of viscosity, we consider the produftj1)y-
(n/no), wheren is the viscosity of the corresponding binary
KCl—water syster7 andy; is the viscosity of water. In Figure

2, we plot D11)v(n/no) as a function ofC,. This plot shows
that D11)v(n/no) increases linearly with salt concentration. At
the highest experimental salt concentration, its value is 8.2%
higher than that af, = 0. The observed behavior is consistent
with a corresponding decrease of the PEG hydrodynamic radius.
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This polymer collapse can be related to a decrease of solvent 20 T T T T
quality in the presence of salt, consistent with the known i " - N
capability of salts to enhance liquidiquid-phase separation sE ™ + . g

of PEG aqueous solutiof&.As we shall discuss later, the

dependence of the preferential interaction coefficient on salt S
concentration is also consistent with the observed behavior of w10} .
(D12)v(n/10). 5 l

In Figure 1b, we show the behavior of the salt main diffusion ' 5 o s

coefficient D22y (solid circles). In the same figure, we also
include the corresponding binary diffusion coefficients (open

circles) and the available literature data (dashed ci@/@je ' 0.5 10 s 20 25
can see that our binary measurements are in very good
agreement with literature data. Moreover, our ternary data show ) _ _ _
the same behavior as the corresponding binary curve. This isFigure 3. Molality ratios —Am,/Am as a function of PEG molality,

. . . . my, obtained aC, = 0.25 M (solid circles) an€,; = 1 M (solid squares)
strong evidence that using binary thermodynamic data to using the isopiestic method. The solid lines are weighted linear fits

calculate ternarw‘z“z“) values is a very good approximatin.  through the data. The preferential interaction coefficients obtained using
We can relate our ternary data to the corresponding binary dataternary diffusion atC, = 0.25 M andC, = 1 M (open diamonds) are

by (D22v = (1 — k¢)(D2)v, Whereg = C1V; is the polymer included for comparison.

volume fraction and is a constant factor that characterizes a

m, (mmol kg™")

small obstruction effect of the PEG macromolecules on the % ' ' ' '
motion of the small salt ions. It has been theoretically shown 30 | ]
thatk = 1.5 for small solutes in the presence of hard sph&tes. 25 F 3
For aqueous KCI in the presence of PEG, we obkan4.0 +

0.2 by fitting the experimentalDyo)y using the available & 20 E
expression ofP2)y and our experimental PEG volume fraction, I q5E ]
¢ = 0.0042. For comparison, we have also calculdteadr

aqueous KCI in the presence of lysozyme gat= 0.0061)° 10F ]
Here, we obtaitk = 1.8 4+-0.1, which is close to the hard-sphere 5fp o -7 B 3
case. We therefore conclude that the obstruction effect of PEG 0 . . ) .

on the salt ions is 2-fold higher than that of lysozyme. This 0.0 0.5 1.0 1.5 2.0 25
result is consistent with polymer coils being significantly more m,(mol kg")

expanded than globular compact proteins. Figure 4. Preferential interaction coefficients obtained using ternary
In Figure 1c,d, we show the behavior of the two cross- diffusion reported as-T:2 as a function of salt molalityny, for the

diffusion coefficients D12)v and O»1)v. We can see thabDio)y PEG-KCI—H,0 (solid circles) and the lysozyme&CI—H,O (open

is positive and approximately independent ®f within the circles) systems. The curves are fits through the data.

experimental error. A positive value ob{(,)y implies that at

uniform PEG concentration the macromolecules diffuse from conclude that diffusion and isopiestic measurements are in very

high to low salt concentration. In Figure 1d, we show tibst)y good agreement within the experimental error.

is positive and increases wit,. Note that the value o)y ) _

must approach zero &, = 0. This is because the salt flux Discussion

becomes zero, independent of PEG concentration gradient. A

positive value of D,1)y implies that salt diffuses from high to

Iow.PEG concentra.tion in the presence of u_niform sqlt.concgn- those previously obtained for the lysozyriéCl—water system

tration. The behavior of both cross-diffusion coefficients is 5 pH 4.55 We will then examine the more complex behavior

consistent with the presence of net repulsive interactions betweens 1he cross-diffusion coefficients in relation to the system
PEG and KCI in water. We will further examine the cross- thermodynamic behavior.

diffusion coefficients in the Discussion section. Preferential Interaction Coefficients. In Figure 4, we plot

To validate the accuracy of tHé, values reported in Table  —T, as a function of salt molalityn, for both PEG (solid
1, we have also used the isopiestic method for the determinationcircles) and lysozyme (open circles) cases. The first important
of the preferential interaction coefficients. Typically, the isopi- difference between the PEG and lysozyme case occums &t
estic method has been employed for the determination of activity 0. Since lysozyme at pH 4.5 is positively charged, we halig,
coefficients of sak-water mixture$2 To our knowledge, this = zp/2 atmp = 0 (with z;m << my), whereze is the protein
is the first time that this method is used for the determination charge'?4°For lysozyme, we have previously reportgo= 8
of preferential interaction coefficients of macromolecules. In 4+ 1.5 This value corresponds to the protein effective charge
Figure 3, measurements akifu/Amy),~., are shown fortwo  and is ~30% lower than the net titration charffedue to
chosen KCI concentrationsC; = 0.25 and 1.0 M. These two  counterion binding.On the other hand, since PEG is a neutral
sets of data were fitted using the linear weighed least-squaremacromolecule, we haveI';, = 0 atm, = 0 (see Figure 3).
method. The corresponding intercepts are the valuesIab We now discuss the dependence-dfi, on salt concentra-
(see Materials and Methods). We obtainl’;; = 5.2+ 0.4 at tion. In both cases;-I'1, increases withm,, consistent with
C, =0.25 M and—T'1 = 16.6+ 0.7 atC, = 1.0 M. Here the PEG-KCI net repulsive interactions. However, the increase
reported errors are standard deviations. The corresponding valuesbserved in the PEG case is significantly larger. To provide a
extracted from the ternary diffusion coefficients arel’1, = physical interpretation on the difference in slope between the
5.7 +£0.2 and—T'1, = 17.4+0.2 (see Table 1). We therefore two macromolecules, we can use the two-domain métfel.

In this section, we will first discuss the preferential interaction
coefficients reported in Table 1 and compare these values with
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Figure 5. Water excesf\o(1 — o), a functions of KCI concentration,

C,, for the PEG-KCI—H;0 (solid circles) and the lysozyme&Cl—

H2O (open circles) systems. The curves are fits through the data. The
values ofNg(1 — a) for the PEG case were calculated using{2)-
(my/my). The values oNy(1 — o) for the lysozyme case were calculated
using I’z — zo/2)(Mo/my) with zp = 8.

According to this model, the first domain is represented by the
water—osmolyte layers surrounding a macromolecule. This local
domain is in chemical equilibrium with a bulk domain repre-
senting the waterosmolyte remaining solution. Since macro-
molecules interact with the osmolyte and water molecules in
their vicinity, the concentration of osmolyte in the local domain
is different from that of the unperturbed bulk domain. It can be
showr34%that the slope of-T'15() is (No/Mmo)(1 — a), where

Np is the number of water molecules of the local domains

the osmolyte partitioning constant between the local and the
bulk domains, andny = 55.51 mol kg™. If a < 1, i.e., the
slope of—T"12(ny) is positive, the salt concentration of the local
domain is lower than that of the bulk domain. Hence, our results
in Figure 4 show that both PEG and lysozyme are preferentially
hydrated in the presence of KCI. Moreover, we can usd the
values to calculat®&g(1 — a) . This quantity represents the
exces®f water molecules in the local domain. In Figure 5, we
plot (seeNo(1 — o) as a function ofc, for PEG and lysozyme.

Tan et al.

TABLE 2: Comparison between Oy)o/(Dii)o and u{7/u”
Ratios

Ca (M) 020 025 030 050 1.00 200 230
(D12)o/(D1p)o 0.0012 0.0011 0.0011 0.0011 0.0011 0.0011 0.0011

1Y) 0.0114 0.0106 0.0109 0.0094 0.0085 0.0081 0.0082
(Da)o/(D22)o 81 98 119 180 334 617 701
1) 83 99 121 183 338 625 710

allows us to remove the explicit dependence of the cross-
diffusion coefficients on the tracer diffusion coefficients of
macromolecule and salt.

The two diffusion-coefficient ratios can be expressed in terms

of the chemical potential derivatived?, using eq 5ard:

(D12o _ ﬂ(lcz) +[( L12)0/(L11)0]ﬂ(202)

(11a)
(O1do  u + (Lo (L1p)dus)
(D20 _ 5 + (L1 (Log)oliusd (11b)
(D22o 1) + (L1 (LoDoled

If (L12)o = O, the ratios: D12)o/(D11)o and O21)o/(D22)o become
equal to the thermodynamic ratiost!%u'9 and u$/u,
respectively. Indeed the Nerndtlartley equation$® which are
valid at infinite dilution, predict (100 < 0 for charged
macromolecules, and_{;)o — 0 as the charge on the macro-
molecule becomes zero. This limiting case applies to PEG. We
will now examine if Onsager cross-diffusion coefficients can
be indeed neglected for neutral macromolecules by numerically
comparing our diffusion and the thermodynamic ratios. The
corresponding values are reported in Table 2. We can see that
(D12)o/(D11)o is 1 order of magnitude lower thar%/u!? within

our salt concentration range. Although we have assurffee:
RT/C,, this approximation is not expected to significantly affect
the observed large discrepancy. We therefore conclude that the
assumption l(10)0 = 0 in eq 11la cannot be applied for the

We can see that the water excess for PEG is considerably largefnterpretation of D12)o/(Diz)o. On the other hand, we can see

than that for lysozyme, even though the molecular weight of
lysozyme is only 30% lower than that of PEG. This large

in Table 2 that the discrepancy betwe@b)o/(D22)o and )/

15 is only 1-2%. Thus L12)o does not play an important role

difference in water excess can be explained by considering thein eq 11b, and D21)o/(D22)o is essentially a thermodynamic

structural difference between a protein and polymer. Since quantity as shown by eq 10. The nearly equivalence between
lysozyme is a globular compact protein, only its surface is (D21)o/(D22)o andﬂ(zcl)//,c(zcz) can be understood by considering the
accessible to the surrounding fluid. On the other hand, a polymer diffusion experiment for which an initial sharp boundary exists
molecule behaves like a coil with all its monomeric units between two solutions having same salt concentration and
accessible to the surrounding fluid and, therefore, is able to different macromolecule concentrations. Since macromolecules
interact with the salt ions. Furthermore, Figure 5 also shows diffuse relatively slowly, the fast-diffusing salt component (and
that the water excess for the PEG case significantly decreaseshe solvent) will reach a quasi-equilibrium conditiod;)§ ~
as salt concentration increases. This can be related to theQ, in the presence of a slowly dissipating concentration gradient
deformability of PEG coils. This observed decrease in water of macromolecules. According to eq 1b, this implies that
excess is also consistent with a disruption of structured water (D51)oVC; & - (D22)oVC; or (D21)o/(D22)o &~ —(9Co/dCy)jin =
surrounding the PEG macromolecules induced by the presence,{/,{). Clearly, this interpretation cannot be extended to the
of saltions. AsC; increases, the polymer coil collapses oniitself opposite diffusion experiment with the two solutions having
due to PEG-KCI net repulsive interactions. Clearly, this result  same macromolecule concentration and different salt concentra-
is consistent with the salt-dependence Df1fv(77/170) shown tion. This is because a salt concentration gradient will dissipate
in Figure 2. relatively fast. Thus D12)o/(D11)o is expected to significantly
Examination of Cross-Diffusion Coefficients.We will now depend on kinetic parameters. For ternary systems, with two

discuss the behavior of the cross-diffusion coefficients in relation
to the main diffusion coefficients and the preferential interaction
coefficients. We will consider the solvent-frame diffusion
coefficients, due to their direct relation to chemical potential
derivatives (see eq 5al). The difference between the volume-
frame and solvent-frame values is small and marginal for the
interpretations reported below. We will specifically address the
behavior of the ratios: 12)o/(D11)o and O21)o/(D22)o. This

solutes of different size, we can therefore conclude that only
the salt diffusion ratio,[®,1)o/(D22)o, can be interpreted merely
using thermodynamic quantities. On the other hand, the
contribution of (12)o cannot be neglected for the interpretation
of the macromolecule diffusion ratioD(2)o/(D11)o, €ven for
neutral macromolecules.

We now compare our results o®)o/(D11)o and O21)o/
(D2y)o for the PEG case with those previously obtained for the
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6 T T T T three postulates of nonequilibrium thermodynamics applied to
5 diffusion processes involving macromolecules. Second, we have
F oy ] observed a large preferential hydration of the PEG coils in the
o ¢ v —* ] presence of KCI. This hydration was found to be about 1 order

of magnitude larger than that observed for lysozyme, a protein
3t 9 of similar molecular weight. Third, the diffusion coefficient

ratios: O12)o/(D11)o and O21)o/(D22)o, Which describe the
magnitude of cross-diffusion coefficients, are larger for the
i Ommm=e Ceme ey ] PEG-KCl—water system than those for the lysozynieCl—
water system at the same solute concentrations. This difference
000 o5 n - 25 25 can bg related to the correqunding difference in. pre'ferenti.al
’ ' ¢ (M)' ’ ' hydration. We have also established that only the diffusion ratio
2 (D21)o/(D22)o is essentially a thermodynamic quantity. The other

Fowre 8 Tg‘;gi}gc[?lad(o')tl)o]{ Cras ?ﬂ;nctign of salt concentration, — diffusion ratios strongly depend on the Onsager cross-diffusion
o, for the —H> solid circles) and the lysozy - -
H2O (open circles) systems. The curves are linear fits through the data'coefﬂment, C12)o, even for neutral macromolecules.

[(D1) /(D4 1)l / C; (M)
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