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ABSTRACT: The osmotic pressure of aqueous poly(ethylene glycol) (PEG) solutions (400 and 8000 g/mol)
was measured by sedimentation equilibrium (SE) ultracentrifugation over a concentration range of 0—50
wt % and over a temperature range of 10—40 °C. We have developed a procedure to cover a large polymer
concentration range by performing a series of ultracentrifugation experiments at different loading
concentrations. The SE data agreed well with previous measurements made using a vapor pressure
osmometer. To facilitate conversion from concentration to osmotic pressure, the data were fitted to
multivariable polynomial expressions as a function of the PEG-to-water ratio G and temperature T. The
osmotic pressure of PEG solutions decreases with increasing temperature. We attribute this behavior to
the release of structured water associated with the PEG chains which compared to bulk water has a

lower entropy.

Introduction

The osmotic stress method has been successfully
employed to measure intermolecular forces in arrays of
biomacromolecules, such as DNA,»~8 collagen,® and
polysaccharides,© as well as to measure the thermody-
namics of conformational changes in enzymes and
membrane channels,'* hydration changes accompanying
the binding of oxygen to hemoglobin,213 and thermo-
dynamics of polyelectrolyte—surfactant complex interac-
tions.2 In this technique, osmotic stress is applied to
the system of interest through a neutral osmolyte, such
as poly(ethylene glycol). In most cases, the osmolyte size
is chosen such that it is prohibited from intercalating
with the system of interest, eliminating the need for a
dialysis membrane.

To study thermal effects upon forces by the osmotic
stress method, the temperature dependence of the
osmotic pressure needs to be known. So far, only
temperature-dependent osmotic pressure values for
PEG 800015 (formerly known as PEG 6000%) have been
available. Forces that lead to temperature favored
assembly between DNA helices in the presence of
MnCl,,* collagen triple helices,® and hydroxypropylcel-
lulose chains!? are examples of when such data would
be beneficial. In these cases, control over both osmotic
pressure and temperature allows for measurement of
the entropy and enthalpy of hydration.

The traditional method of measuring osmotic pressure
in our concentration range is by vapor pressure osmom-
etry (VPO);115717 however, temperature control is dif-
ficult to achieve using commercial instruments. Also,
the typical range of VPO is from 0 to 75 atm in osmotic
pressure, and practical sample issues, such as bubbles
and high solution viscosity, can adversely affect read-
ings. Other techniques, such as static light scattering
and membrane osmometry, require dilute solutions and
therefore can only be used at lower osmotic pressures
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(typically less than 1 atm). In addition, membrane
osmometry requires that the osmolyte be large enough
to be impermeable to the membrane. We chose analyti-
cal ultracentrifugation (AUC) because it allows for
osmotic pressure determination with straightforward
control of temperature. Others have used this technique
for similar measurements involving the osmotic pres-
sure of DNA®8 and the swelling pressure equilibria of
gels.1®~21 It also allows us to measure osmotic pressures
well above the capabilities of VPO without any compli-
cations. The osmolyte concentration gradient created
within the AUC cell is typically smaller than the overall
concentration range of interest. Therefore, a series of
experiments at different starting concentrations had to
be performed, covering osmotic pressure differences
between 0.2 and 12 atm. The total osmotic pressure as
a function of concentration was obtained by merging
data sets using a fitting procedure that is described
below. Our method is generally applicable to many
osmolytes and should be useful in creating a broader,
more accurate database for osmotic pressure experi-
ments.22

In a sedimentation equilibrium (SE) experiment using
the AUC, a radially oriented concentration gradient is
established as the sample is centrifuged at a constant
angular velocity. There are well-established methods for
analyzing this concentration gradient for dilute solu-
tions to determine molecular weight?® while also ac-
counting for solution nonideality.?4=26 The molecular
weight of the solute M, can be determined from SE
experiments using the following expression

m - w_z 9p) (dIT)-1 (1)
dr? 2 \dc,/ \dc,

where c; is the concentration of solute, r is the radial
distance outward from the center of the centrifuge, w
is the angular velocity, (9p/dcy), is the density increment
at constant chemical potential of low molecular weight
species (i.e., water, c;, and salt, c3), and dIl/dc; is the
derivative of osmotic pressure with respect to c,. For
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concentrations approaching zero

dit _ RT
dc, ~ M, (2)

giving

ding, _ Mzwz( 3p) 3)

dr2  2RT\dc,,
and thus, a plot of In c; vs r2 will have a slope
proportional to M,.2” By rewriting eq 1 as

dc2 2 ) dH -1
2 _ op) (411
dar ¢ (acz)lu(dcz) Co(N)r “)

then multiplying both sides by dIl/dc, and dr, and
integrating from the meniscus position r, to some
outward radial position r;, the difference in osmotic
pressure can be found:

ATl = wz(aa—é’;)ﬂ Jieyryr dr ()

This expression is the same as that obtained by Brian
et al.l® and is the equation necessary to calculate
osmotic pressure from SE experiments.

Calculations

Obtaining Concentration from Fringe Displace-
ment. Since PEG does not have a significant absorbance
in the UV-to-visible range, we used the Rayleigh inter-
ference optical system of the AUC to determine PEG
concentrations. With this technique we can determine
the difference in solute concentration Ac; relative to the
concentration at the meniscus ca(rm). At low initial
concentration the sample can be rapidly centrifuged to
obtain meniscus depletion, and then cy(r,) = 0 and c,-
(r) = Acy(r). If co(rm) is nonzero, then data fitting is
usually necessary. However, because of the relatively
high concentrations we are exploring, we have chosen
to use a mass balance to calculate cy(rm). In general,
conservation of mass is not a good assumption in
analytical ultracentrifugation experiments because it
requires that the entire polymer mass loaded into the
ultracentrifuge cell can be detected. Complications arise
when the signal at the cell bottom gets noisy due to a
steep concentration gradient. This problem was not
encountered, most likely because the relatively high
loading concentrations used resulted in small concen-
tration gradients. Other methods for calculating me-
niscus concentration, such as conservation of signal®®
and an extrapolation procedure developed by Creeth and
Harding,?° are usually preferable to a mass balance in
conventional analytical ultracentrifugation experiments.
As discussed later, the good agreement found between
our osmotic pressure data and those made with a vapor
pressure osmometer, as well as the independence of our
results on the angular velocity, support a mass balance
to calculate cy(rm) for these experiments.

The raw data, fringe displacement Am(r) vs r, can be
converted to the change in concentration Acy(r) by first
converting to the change in refractive index

Am(r)i

An(n) == (6)
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where 1 is the wavelength of the laser and L is the cell
path length, and then dividing by the refractive index
increment

Acy(r) = An(r)(j—cnz)l 7)

Since Acy(r) is relative to the concentration at the
meniscus, the meniscus concentration must be calcu-
lated. This can be done with a mass balance starting
with

Cy(r) = Cy(ryn) + Acy(r) (8)
where cy(r) is the absolute concentration at r, and

multiplying both sides by the volume V to get the solute
mass

Xy(r) = Cp(rp)V + Acy(NV 9)

The total (or loading) mass Xz.wtal C2N be computed by
taking the following integral

X2 total — j::xz(r) dr (10)

where ry,, and rp are the meniscus and cell bottom
positions, respectively, and the volume can be expressed
as

JTOL

V = L(rbz - rm2)360

11)

where a is the sector angle of the cell in degrees. This
angle was calculated to be 2.42°. Now eq 10 can be used
to solve for concentration at the meniscus

X2,tota|

L(ry” = r)

¢o(rm) = — = JoAc(ndr (12)

360

The integral in eq 12 is found by fitting Acy(r) vs r to a
third-order polynomial expression, or a fifth-order poly-
nomial expression if the data have more curvature, and
then integrating. It should be noted that this is a
nonphysical fit and that sedimentation equilibrium
theory yields an exponential expression for the radial
dependence of concentration (see eq 3). However, be-
cause of the high concentrations being run, there is not
much curvature in the concentration gradients estab-
lished, and so an exponential expression is unsatisfac-
tory. To convert c; to wt %, the density data were used
to construct plots of wt % vs ¢,, where

C, =

0
(Moo et %) (13)
and p(wt %) is the density at a given wt % for each
temperature, and then each curve was fitted to a second-
order polynomial expression.

Obtaining Osmotic Pressure. Osmotic pressure is
calculated from eq 5 where the integral can be solved
by fitting cy(r)r vs r to either a third- or fifth-order
polynomial expression and integrating. Since AIT is
measured experimentally (Figure 1a), a boundary con-
dition (Ip) is needed to calculate IT1. If meniscus deple-
tion is achieved, the meniscus serves as the boundary
condition where IT = 0 atm at 0 wt %. Alternatively,
the curve for the lowest concentration run can be
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Figure 1. Plot of (a) AIT vs wt % for PEG 400 at 20 °C with
the corresponding (b) IT vs wt % curve also given to show how
the data are shifted. The loading concentration (in wt %) for
each sample is listed. Since there are approximately 1500 data
points collected for each sample run, only every 200th data
point has been plotted for clarity. The ideal curve, using M, =
407 g/mol, and linear extrapolation from the lowest concentra-
tion run to IT = 0 atm at 0 wt % are also shown.

linearly extrapolated to IT = 0 atm at 0 wt %, taking
error into account. Then all subsequent curves can be
shifted to generate a master curve (Figure 1b). When
there is a concentration gap between two data sets, we
have linearly extrapolated to the midpoint of the gap
to determine the osmotic pressure shift of the higher
concentration data set.

Experimental Section

Materials. Poly(ethylene glycol) (PEG) of MW 400 (Fluka,
Ph Eur grade) and 8000 (Fluka, MicroSelect for Molecular
Biology) were used as received. Solutions were prepared by
mixing PEG with deionized water (mass/mass). All concentra-
tions are reported as wt % PEG.

Sedimentation Equilibrium. Sedimentation equilibrium
measurements were performed using a Beckman Optima XL-I
analytical ultracentrifuge, equipped with a Rayleigh interfer-
ence optical system (A = 675 nm) and temperature control from
0 to 40 °C. A four-hole Beckman An-Ti 60 rotor with 12 mm
Epon charcoal-filled standard double-sector centerpieces and
sapphire windows was used. A 3 mm Epon charcoal-filled
standard double-sector centerpiece was used in a few runs for
comparison.
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Table 1. PEG 400 Parameters

T(°C) anldca (mL/g) dplac, T (°C) an/ac, (mL/g)  dpldcs

10 0.137 0.167 35 0.131 0.152
20 0.134 0.162 40 0.129 0.152
30 0.132 0.152

Table 2. PEG 8000 Parameters

T(°C) dnlac, (mL/g) dploc, T (°C)  anl/aca (mL/g)  dpldcs

10 0.142 0.172 35 0.137 0.157
20 0.140 0.160 40 0.136 0.157
30 0.138 0.158

The mass of PEG solution loaded into the sample compart-
ment of each cell was used to calculate the meniscus concen-
tration with eq 12. A typical loading mass was approximately
0.4 g (~400 uL), whereas approximately 425 uL of deionized
water was loaded into the reference compartment, ensuring
that the optical path difference is always taken between the
sample and water. Four cells were run simultaneously at
42 000 rpm for both PEG 400 and PEG 8000. Some experi-
ments were performed at lower speeds to determine the effect
of hydrostatic pressure on the osmotic pressure. Data were
collected at five different temperatures (10, 20, 30, 35, 40 °C)
with radial scans taken at constant time intervals. Sedimenta-
tion equilibrium was confirmed using a program called
MATCH.% Typical equilibration time at 42 000 rpm was
approximately 72 h for PEG 400 at 20 °C and an additional
24—48 h after each temperature change. At this speed, 144 h
was needed for full equilibration of PEG 8000 at 20 °C, and
an additional 48—84 h was necessary for equilibration after
each temperature change. Some runs were concluded by
reequilibrating at the starting temperature (20 °C) to confirm
that neither the duration of the run nor the temperature
history had an effect on the measured osmotic pressure. The
radial scans for each sample run contained about 1500 data
points. For clarity, some figures show data sets with only every
200th point plotted, and this has been stated in the corre-
sponding figure caption.

Density and Refractometry Measurements. The density
and refractive index of PEG 400 and PEG 8000 solutions were
measured as functions of ¢, and temperature T to obtain dp-
(T)/acoand an(T)/ac,, respectively (see Tables 1 and 2), which
are used to calculate AII(T) and Acx(T) by eq 5 and eq 7,
respectively. Density was measured using a series of PEG 400
and PEG 8000 solutions (prepared in 10 wt % increments from
0 to 50 wt %) along with a 2 mL round-bottom flask and a
water bath. On the basis of reference values for the density of
water as a function of temperature,3* a correction factor was
applied to the solution densities at each measured temperature
to correct for any changes in the containing volume of the
volumetric flask with temperature. This method is not as
accurate as a U-tube densitometer, but we are able to calculate
ap(T)/ac, to £0.005, resulting in about 3% relative error in AIL.
Refractive index measurements were made using an Abbe
refractometer containing a prism assembly connected to a
water bath. The refractometer measures the refractive index
at 589 nm while the ultracentrifuge interference optics has a
wavelength of 675 nm. We assume the wavelength dependence
to be negligible and estimate an error in an(T)/ac, of £0.001
mL/g. This results in a relative error in Ac; of less than 1%.

Results and Discussion

Osmotic Pressure of PEG. When shifting the data
in osmotic pressure to obtain the master curve, the
lowest concentration data set is used to linearly ex-
trapolate to O wt % at IT = 0 atm (Figure 1b). The slope
of this extrapolation for PEG 400 at 20 °C gives dIl/dc,
= 6.8 J/g, and this corresponds to an apparent molecular
weight Map, = 360 g/mol using eq 2. By fast atom
bombardment (FAB) mass spectrometry (JMS700 MSta-
tion, JEOL) the number-average molecular weight M,
= 407 g/mol (PDI = 1.07), which was used to draw the
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Figure 2. Plots of IT vs wt % for (a) PEG 400 and (b) PEG
8000 at 20 °C as determined by SE compared to the VPO data
for PEG 400 and 8000, respectively, at 20 °C. Good agreement
is found between the two methods for PEG 400 while there is
some deviation between the two methods for PEG 8000. This
is attributed to a different supplier and grade of PEG 8000
used in the VPO experiments.

ideal solution curve in Figure 1a,b for comparison. The
osmotic pressure for PEG 400 is observed to quickly
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Figure 3. Temperature dependence of I1 for (a) PEG 400 and
(b) PEG 8000. Error bars have been omitted for clarity.
Osmotic pressure is observed to decrease with increasing
temperature. This effect becomes more pronounced at higher
concentrations.

Table 3. PEG 400 Osmotic Pressure Data

diverge from ideality as concentration increases.

Comparing the osmotic pressure data obtained by SE
for PEG 400 at 20 °C to that obtained previously by

Parsegian et al. using vapor pressure osmometry (VPO)
at the same temperaturel-22 (Figure 2a), it can be seen
that there is good agreement between the two tech-
niques. At higher wt % PEG, the VPO data are slightly
lower in osmotic pressure than the SE data, but the
difference does not exceed 7% relative to the SE data.
The osmotic pressure of PEG 8000 obtained by SE and
that previously obtained by VPO?? (Figure 2b) do not
agree as well as the data for PEG 400. However, it
should be noted that the PEG 8000 used in the VPO
measurements is from a different supplier and of a
different grade. Therefore, polydispersity and impurities
may contribute to the observed differences.

The temperature dependence of IT for PEG 400 and
8000 is shown in Figure 3. Error bars have been omitted
from these figures for clarity. After accounting for the
error by using a mass balance to determine concentra-

II (atm)
wt % 10 °C 20 °C 30°C 35°C 40 °C
5 3.69 3.74 3.65 3.70 3.71
10 8.55 8.52 8.17 8.24 8.23
15 14.9 14.7 13.8 13.9 13.8
20 23.2 22.6 21.0 21.0 21.0
25 34.0 32.8 30.2 30.0 30.0
30 48.1 45.9 42.0 41.5 41.2
35 66.7 63.1 57.3 56.4 55.6
40 91.9 86.3 7.7 76.2 74.8
45 125 117 104 102 99.6
50 172 159 141 137 133

tion, as well as the error in an/dc, and dp/dc,, the relative
error in wt % PEG is no more than 0.1% and does not
exceed 1% in I1. These errors are less than those in the
corresponding relative variables (Ac, and AIl, respec-
tively) because the data are shifted to an absolute scale.
The tabulated form of the IT data for PEG 400 and PEG
8000 is given in Tables 3 and 4, respectively. The
osmotic pressure is found to be relatively independent
of temperature up to about 15 wt % for PEG 400 and
up to about 10 wt % for PEG 8000. The difference in
values found for PEG 400 (up to 15 wt %) with changing
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Table 4. PEG 8000 Osmotic Pressure Data

I1 (atm)
wt % 10 °C 20°C 30°C 35°C 40 °C
5 0.445 0.407 0.385 0.373 0.367

10 1.63 1.44 1.31 1.25 1.19
15 3.95 3.43 3.08 2.89 2.74
20 7.91 6.78 6.04 5.66 5.33
25 141 12.0 10.7 10.0 9.43
30 23.3 19.9 17.6 16.6 15.6
35 36.7 31.3 27.8 26.1 24.7
40 56.7 48.2 42.9 40.4 38.3
45 85.8 72.5 64.5 60.8 57.8
50 126 106 94.3 89.2 84.8
54 173 144 127 121 115

temperature (see Table 3) is within the error in II.
Above these concentrations, the observed decrease in
osmotic pressure with increasing temperature is at-
tributed to the release of structured water molecules
from the PEG. The positive entropy difference between
bulk and structured water drives this release.

Similar to Michel and Kaufmann,'>16 the IT curves
for PEG 400 (Figure 3a) can be fitted to a multivariable
polynomial expression as a function of the PEG-to-water
ratio G, where G = wt %/(100 — wt %), and T to obtain

1= —1.36G?T + 117.2G* + 67.8G (14)

which is valid over a range of 0 < G < 1.08 (0 < wt %
< 52)and 10 < T < 40 °C. This equation simplifies the
conversion from wt % to IT at a given temperature and
is found to have an average error of 2% compared to
the actual data. The maximal error is 6%, which occurs
for calculations near 1 wt % at 10 °C, and the error does
not exceed 4% above 10 wt % for all temperatures.
Likewise, the IT data for PEG 8000 (Figure 3b) can be
fitted to the following expression

I1 = —1.38G?T + 134.3G? + 3.0G (15)

which is valid for 0.11 < G < 1.18 (10 < wt % < 54)
and 10 < T < 40 °C. This equation has an average error
of 4% compared to the actual data. The maximal error
is 15%, and the error does not exceed 9% above 20 wt
% for all temperatures. However, because the above
equation is not reliable for concentrations below 10 wt
%, another fit was made for 0.03 < G < 0.25 (3 <wt %
<20)and 10 < T <40 °C

I1 = —1.29G?T + 127.6G? + 2.0G (16)

This equation has an average error of 4% and a maximal
error of 25%, and the error does not exceed 19% above
4 wt % for all temperatures.

Hydrostatic Pressure. The effect of hydrostatic
pressure P on the osmotic pressure is a potential concern
in these SE experiments, especially since P is propor-
tional to (rpm)2. It has even been suggested that P can
change the solubility of PEG.1! At 42 000 rpm a pressure
difference AP ~ 150 atm exists between the cell bottom
and meniscus. To investigate changes in IT with P,
several runs with PEG 8000 were performed at slower
rotor speeds and at 20 °C to compare to the 42 000 rpm
data at this temperature. Runs in the 1—25 wt % range
at 20000 rpm, where AP ~ 34 atm, were used to
construct a master curve which showed no significant
deviation from the original master curve obtained at
42 000 rpm (Figure 4). The independence of IT on speed
demonstrates that P does not significantly affect IT, at
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Figure 4. Plots of IT vs wt % for PEG 8000 at 20 °C and
speeds of 20 000 and 42 000 rpm. Only every 200th data point,
along with the last data point, for each sample run at 20 000
rpm has been plotted for clarity. The data at 20 000 rpm have
been used to create a master curve up to 25 wt %. This curve
follows the original master curve generated from data collected
at 42000 rpm (see inset for a closer comparison). Since
hydrostatic pressure P is proportional to (rpm)?, the indepen-
dence of IT on angular velocity shows that P is not significant
at least up to P ~ 150 atm.

least for P < 150 atm. There are larger gaps between
individual data sets collected at lower speeds that
require further extrapolation when determining the
shift in IT. We expect that the two curves would show
even better agreement if more data sets were collected
over this concentration range at this speed. Other runs
in the 45—50 wt % range were performed at 10 000 and
5000 rpm (not shown). The data obtained at 10 000 rpm
seemed to have the same slope as at 42 000 rpm, but it
was difficult to compare because the error in wt % was
almost as large as the concentration gradient formed
within the cell. The 5000 rpm data could not be
compared at all because the error in wt % was larger
than the concentration gradient formed. Also, several
runs with PEG 400 in the 35—45 wt % range were
performed at 33 600 rpm and 20 °C (not shown) and
were found to agree well with the corresponding data
at 42 000 rpm. The comparisons made with VPO data
are also a good indication that hydrostatic pressure does
not influence osmotic pressure significantly.

Conclusions

We have used sedimentation equilibrium to measure
the effect of temperature on the osmotic pressure of
aqueous solutions of PEG 400 and 8000. As temperature
increases, the osmotic pressure of PEG decreases due
to the release of structured water molecules from the
polymer chain. No significant differences in osmotic
pressure were observed with changes in hydrostatic
pressure up to P ~ 150 atm. Using our method, it should
be possible to measure the temperature dependence of
osmotic pressure for other molecular weights of PEG
as well as for other osmolytes. It should also permit
direct measurement of the effect of added salts on the
osmotic pressure of those osmolytes. Since low molecular
weight species, such as salts, do not form a concentra-
tion gradient in a centrifugal field, the osmotic pressure
of the osmolyte can be measured at constant salt
activity. Only interactions between the salt and os-
molyte through the change in osmolyte osmotic pressure
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are observed. This represents a major advantage of
sedimentation equilibrium over vapor pressure osmom-
etry for which the salt and osmolyte osmotic pressures
are additive. These measurements should prove useful
in expanding the versatility of the osmotic stress
technique.
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