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ABSTRACT: Using the surface forces apparatus, we have measured the static and hydrodynamic forces
between two substrate supported lipid bilayers in water and semidilute aqueous solutions of 8000 MW
poly(ethylene glycol) (PEG), a neutral polymer for which water is a good solvent. At small separations
(D < Rg, Flory radius), an enhanced adhesion due to depletion attraction was measured. Conversely, at
larger separations we found a repulsive barrier, which is not predicted by mean-field theories. Dynamic
measurements of the viscosity as a function of film thickness reflected the same pattern of behavior as
exhibited in the static force experiments: Thus, in the absence of polymer, the shear plane was at the
lipid-water interface, while in the 8000 MW polymer solution the viscosity decreased as a function of
decreasing surface separation due to a polymer-depleted layer of lower viscosity at the bilayer surface.
We discuss our results in terms of depletion attraction, depletion stabilization, thin film lubrication, the
effective viscosity in thin films, and the possibility of polymer aggregates in PEG solutions. The crossover
from depletion attraction to adsorption and repulsion with increasing MW is addressed in part 2 of this

work.

Introduction

Asakura and Oosawa were the first to propose that
the flocculation of particles in the presence of nonad-
sorbing macromolecules was due to a differential os-
motic pressure setup once the macromolecules were
excluded from the region between the particles.! Since
then, a number of different theoretical treatises have
addressed this phenomenon from a variety of viewpoints
although the generally accepted explanation for deple-
tion flocculation has remained unchanged.? In brief, an
osmotic “depletion force” is expected to occur whenever
nonadsorbing polymer is added to a colloidal dispersion.
A polymer chain in solution will maintain, on average,
that configuration that is entropically most favorable,
i.e,, a random coil in a good solvent. The coil may
approach a surface to a distance such that its outermost
segments just meet the surface. To approach more
closely, the coil would have to adopt a less favorable
conformation with a resulting loss of configurational
entropy. Thus, a gradient in the polymer segmental
concentration exists in the vicinity of a surface. Deple-
tion attraction arises when the depletion layers, each
of thickness A, associated with two surfaces overlap.
Theoretically, at large separations, D > 2A, the segment
concentration increases from zero at the surface to that
of the bulk solution in the middle of the gap between
the surfaces. However, at smaller separations, D < 2A,
the concentration at the midplane falls below that of
the bulk. As a result, the pressure in the bulk solution
is greater than that in the gap, and there is an attractive
osmotic force between the surfaces.

Although depletion attraction is widely accepted, the
idea of depletion stabilization has remained ambiguous
due to conflicting theoretical findings and a lack of direct
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experimental measurements. Neither simple scaling
arguments nor mean-field descriptions of polymer solu-
tions between surfaces predict a repulsion.2 Conversely,
Vincent et al.® have proposed that a restabilization of
colloidal dispersions should occur at high polymer
concentrations due to a decrease in the depletion layer
thickness resulting in a weakened attraction, while
Napper and Feigin* attribute depletion stabilization to
a repulsive force due to the high energy cost of demixing
the solution prior to the onset of the attractive regime.
Walz and Sharma® have likewise predicted a repulsive
barrier at separations between one and two diameters
of the excluded macromolecule due to excluded volume
effects when second-order interactions are taken into
account. Similarly, recent work of Mao and co-workers®
has also shown that excluded volume considerations can
lead to a repulsive force regime between particles in
semidilute concentrations of smaller nonadsorbing par-
ticles. When the excluded particles are rod shaped, the
repulsive barrier is greatly enhanced, leading to kinetic
stabilization. Ogden and Lewis have reported on one
of the few experimental systems where a depletion
stabilization interaction may be in effect.?

Direct experimental measurements of depletion at-
traction by Richetti and Kekicheff’ due to the exclusion
of cetyltrimethylammonium bromide (CTAB) micelles
at high volume fractions were oscillatory, with the
number of oscillations and their magnitude increasing
with the micellar concentration as predicted by Walz
and Sharma.> Similar measurements by Sober and
Walz8 using total internal reflection microscopy also
detected depletion attraction in the presence of CTAB
micelles. However, their micelle concentration was
much lower than in the experiments conducted by
Richetti and Kekicheff and no oscillations in the force
were detected. Perez and Proust® measured a decrease
in the repulsion between charged mica sheets immersed
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in aqueous dextran solutions. They attributed the
decrease in electrostatic repulsion between the charged
surfaces to the possible presence of an attractive inter-
action due to the exclusion of dextran chains. However,
the complexities of surface charge effects precluded a
definite determination of a depletion interaction. Thus
far, only ionic systems, which take advantage of a larger
excluded volume effect, have been investigated since the
depletion interaction or differential osmotic pressure
becomes detectable at lower solute concentrations.

The experimental system studied here is a biologically
relevant one of two lipid bilayers in aqueous solutions
of poly(ethylene glycol). Classically, PEG has been used
to aggregate and fuse biological colloids, i.e., vesicles,
liposomes, and cells. Arnold et al.’® proposed that the
effect of PEG 8000 MW on membranes could be ex-
plained by depletion attraction based on the results of
a series of experiments utilizing ESR, 2H NMR, osmotic
pressure, polarity, and dielectric constant. Because the
experimentally measured ¢ potentials in PEG solutions
were less than expected, they suggested that PEG
molecules were excluded from the bilayer surface. In
contrast, when a short PEG chain (EOg) was anchored
to the vesicle surface by incorporation of octa(ethylene
glycol) mono(n-dodecyl) ether (C12EQg) into the bilayer,
a larger ¢ potential was measured.’ Evans and
Needham?'? provided additional experimental proof of
the depletion effect by micropipet aspiration measure-
ments of dextran and PEG-enhanced adhesion of giant
phospholipid vesicles and developed a self-consistent
depletion force theory to explain the stronger adhesion
measured in the presence of these nonadsorbing poly-
mer. Moreover, their measured adhesion energies cor-
related extremely well with those expected from the
measured osmotic pressures of the bulk polymer solu-
tions.

We present direct and quantitative studies of the
depletion phenomenon utilizing the surface forces ap-
paratus technique (SFA). We measured both the static
and dynamic normal forces between bilayer coated
surfaces in semidilute, aqueous solutions of poly ethyl-
ene glycol of 8000 MW. In the presence of 8000 MW
PEG an attractive depletion interaction was measured
at small separations, D < Rg. We were particularly
surprised to measure a repulsive barrier prior to the
depletion attraction regime.’® In light of the recent
dynamic light scattering work of Porsch and Sundelof,14
where they determined that PEG itself does not ag-
gregate in dilute water solutions but that any impurities
in the solution quickly result in polymer aggregates, we
also discuss whether polymer aggregates were the
source of the long-range repulsion with 8000 MW PEG.

Experimental Section

Chemicals and Sample Preparation. Dimyristoyl phos-
phatidylcholine (DMPC) and dipalmitoyl phosphatidyletha-
nolamine (DPPE) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). PEG-8000 (8k) and potassium nitrate
were from Sigma Chemical Co. (St. Louis, MO). All chemicals
were used without further purification. PEG is water soluble
at moderate temperatures in all proportions over a wide range
of molecular weights (MWs).1> The 0.02 um aluminum matrix
Anodisc filters were purchased from Whatman (England).

Traditionally, commercial grade 8k PEG is used to ag-
gregate and fuse biological colloids. Although lower MWs can
also be effective at very high concentrations, higher MWs are
found to be ineffective. Thus, the behavior is very MW-
dependent.
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Figure 1. Schematic of the supported bilayer surfaces in an
aqueous solution of 8000 MW PEG. The position of bilayer—
bilayer contact, D = 0, was determined at the end of each
experiment. First, the combined thickness of the two hydrated
outer DMPC monolayers, S, was determined at the end of each
experiment by measuring the thickness change following
drainage of the solution from the apparatus, and removal of
the two outer monolayers. Second, the anhydrous bilayer
thickness, T, was calculated from the physical volumes oc-
cupied by the hydrocarbon chains and PC headgroups as given
by T = 2[2Vhet Vhead)/A, Where Vi = (27.4 + 26.9n) A3 is the
average volume of a saturated n-carbon chain in the frozen or
gel state,’® Vhead = 324.5 A3 is the average headgroup volume
of PC,?° and A is the deposited headgroup area.

Static Force Measurements. The apparatus used in the
static surface force measurements has been described exten-
sively.1® Briefly, the technique enables the interaction forces,
both attractive and repulsive, to be measured between two
mica sheets, which are back-silvered and glued onto cylindrical
silica disks. The separation between the mica surfaces is
measured with an optical technique based on multiple beam
interference fringes (fringes of equal chromatic order, FECO).
From the wavelengths of the FECO fringes as measured in a
spectrometer, the distance between the two surfaces is mea-
sured with a resolution up to 1 A. The distance between the
surfaces is controlled by a series of coarse and fine microme-
ters. Additional control of the separation is achieved with a
piezoelectric crystal upon which the upper disk is mounted.
The force between the surfaces is measured from the deflection
of a double cantilever spring of stiffness K supporting the lower
surface.

Bilayer surfaces, our model membranes, were constructed
on the mica substrates using Langmuir—Blodgett deposition.
The first or inner layer of the supported bilayer was DPPE (I1
= 40 mN/m, 43 A2molecule), which binds physically but
strongly to the mica substrate. DMPC (IT = 31 mN/m, 58 A%
molecule) was deposited as the second or outer layer. DMPC
was chosen because it is commonly used in PEG-induced
aggregation and fusion experiments of vesicles.!” After the
DMPC layer was deposited, the disks were transferred under
water to the measuring apparatus and mounted, as described
elsewhere.'® Prior to the insertion of the bilayer coated disks,
the apparatus was filled with a degassed 0.5 mM KNO; water
or PEG solution saturated with free DMPC to prevent lipid
desorption from the bilayers during the experiments. A
schematic of the bilayer-coated mica surfaces in PEG solution
is shown in Figure 1.

Throughout this work, the surface separation, D = 0, was
defined as contact between nominally dehydrated bilayers (cf.
Figure 1). The position of bilayer—bilayer contact during
experiments was of fundamental concern since a shift in this
position is indicative of the interaction force being measured.
In water, the supported bilayer surfaces adhere via van der
Waals attraction at small separations (D ~ 20 A), closer
approach is opposed by strong hydration—steric protrusion
repulsion (Figure 1). Thus, in the absence of polymer the hard
wall of bilayer—bilayer contact occurs at D ~ 20 A. In the
case of polymer depletion attraction, the position of the hard
wall of bilayer—bilayer contact should not change since no
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polymer remains in the gap between the bilayers, while the
adhesion force should scale with the bulk polymer concentra-
tion. In contrast, if the measured interaction is due to polymer
bridging, the hard wall position is shifted outward to D > 20
A by the adsorbed polymer layers trapped between the surfaces
and the adhesion force no longer scales with the bulk osmotic
pressure. Last, because the surfaces are coated with lipid
bilayers, there is also the possibility of the measured force
(especially an increase in the attraction and adhesion between
the surfaces) to be the result of an increased hydrophobic
interaction due to desorption of lipids from the bilayers
exposing more hydrophobic groups. The desorption of lipids,
however, would cause the position of contact to be closer in
due to a less dense packing of the remaining lipids. Hence,
both the position of bilayer—bilayer “contact” and the adhesion
strength were used in this work to distinguish between the
different types of forces operating between the bilayers.??

Viscosity Measurements. The same apparatus as used
in static force measurements was used to measure the dynamic
interaction of the two bilayers immersed in water or PEG
solutions. Specifically, the dynamic technique enables mea-
surement of the viscosity, u, of the intervening fluid as a
function of surface separation. The method involves vibrating
the upper surface by applying an ac voltage to the piezoelectric
crystal that results in a normal oscillation of the upper surface
at a frequency v and amplitude Aq. The viscous coupling of
the upper and lower surface due to the liquid between the
surfaces induces the lower surface, supported by a double
cantilever with spring constant K, to vibrate at the same
frequency v but with an amplitude Ay. If the amplitude A
and the frequency v of the upper surface remain fixed, but the
mean separation D is reduced, the viscous force on the lower
surface increases. Thus, as the two surfaces approach each
other their separation will oscillate with decreasing amplitude
A = Ao — Ax, where A — A, for large D, and A— 0 as D — 0.
For low amplitudes and low frequencies, i.e., low shear rates,
where fluid inertial and acceleration terms can be ignored and
the only opposition to flow is due to the fluid viscosity, the
mean gap viscosity can be calculated from

21172

w= 2 e = (1] M

127°R*v
where D is the mean separation during the oscillation, R is
the effective hydrodynamic radius of the curved surfaces, and
f is the gradient of the static force at D.?*

Whereas eq 1 gives an average viscosity of all of the fluid
in the gap, more information about local viscosities can be
derived from a plot of

127°RAWK(AJA) — (1 — fIK)?M? )

vs D. From such a plot, the inverse slope of the chord (the
line from the origin to the data point) gives the average
viscosity of the fluid in the whole gap, while the inverse slope
of the curve at the data point gives the local viscosity of the
film at the midpoint between the surfaces at any given surface
separation D. In addition, the x-axis intercept of the line—
extrapolated back from large separations—gives the effective
location of the shear plane for the measurements. For non-
ideal systems where the shear plane is not at the surfaces due
to an adsorbed, immobile film, or where a depletion layer
modifies the flow in the gap, more information can be extracted
from this type of plot.

Results and Discussion

Static Force Measurements. General Overview.
Figure 2 gives a general overview of the normal force
profiles measured between lipid bilayers in water as
well as in aqueous solutions of PEG 8k.*® All measure-
ments were made at 25 °C. In the absence of polymer
(dotted curve, Figure 2), the neutral lipid bilayers
weakly adhere to each other via a van der Waals
interaction with an energy minimum of —0.5 mN/m,
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Figure 2. Force profiles, F/R vs D, between supported DPPE/
DMPC bilayers in water and aqueous 8k PEG solutions. The
dashed curve is the force profile in water, i.e., in the absence
of polymer, where the bilayers adhere due to van der Waals
attraction. The bilayers are prevented from approaching closer
than D ~ 20 A by the strong short-range steric—hydration
repulsion. The arrows indicate when the spring constant is
exceeded by the gradient in the attractive force. The resulting
mechanical instability causes the surfaces to jump together
or apart. Thus, these portions of the force profile are inacces-
sible.

separations below D ~ 20 A are opposed by strong
repulsive hydration and steric protrusion forces.l” In
the presence of 8k MW PEG at 5-10 wt %, the
measured hard wall of bilayer—bilayer contact occurs
at the same separation (~20 A), but the adhesive
minimum is significantly greater than the always
present van der Waals attraction. As we will show, the
increased adhesion is due to a depletion attraction
interaction in the presence of nonadsorbing polymer
chains. However, there is also an unexpected repulsive
force at larger separations (D ~ 300 or 4Rg) prior to the
attractive regime.

Source of the Repulsion Measured in the Pres-
ence of 8k PEG. In a recent series of experiments
utilizing dynamic light scattering, Porsch and Sunde-
16f 14 examined whether PEG forms aggregates in water.
By comparing the scattering autocorrelation functions
before and after filtering the PEG samples through
0.02—0.8 um filters, they concluded that PEG itself does
not aggregate in dilute water solutions. Moreover, using
size exclusion chromatography, they determined that
the large scattering bodies, previously thought to be
PEG aggregates, were indeed aggregates but nucleated
by hydrophobic impurities. PEG is known to be an
extremely good particle stabilizer and effectively coated
these impurity particles, i.e., sterically stabilized them
in solution. Commercial grade PEG 20k from Fluka
(which is the same chemically as the 20k from Poly-
sciences used in our studies in part 2 of this work) was
investigated as well as high purity monodisperse PEG
samples.

Following the same protocol outlined by Porsch and
Sundelof, we filtered a PEG 8k 10 wt % solution through
a 0.02 um Anodisc alumina matrix membrane filter. The
force profiles measured immediately (20—50 min) after
mounting the bilayer-coated mica surfaces in the SFA
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Figure 3. (A) Force profiles with filtered 10 wt % PEG 8k solutions measured within 1 h of mounting the bilayer coated mica
surfaces into the SFA. No repulsion is detected prior to the jump into a depletion attraction enhanced minimum. (B) Repulsive
barrier in filtered 10 wt % PEG 8k solutions that develops with time (3 h).

were purely attractive; i.e., no repulsion was measured
(Figure 3A). The jumps into bilayer—bilayer contact
were also very rapid. The magnitude of the adhesion
was significantly greater, Fo/R = 2.1 mN/m vs 1.6 mN/m
in the unfiltered case. (Note, the difference is almost
exactly the magnitude of the repulsive force barrier
measured with the unfiltered solutions, Figure 2.) After
waiting an additional 2 h, the force profiles became
weakly repulsive prior to the attractive regime, becom-
ing more similar to the force profiles obtained with
unfiltered PEG 8k 10 wt % (Figure 3B). Although the
magnitude of the repulsion was less than that with
unfiltered solutions, the range of the repulsion was
about the same. Additionally, the repulsive regime of
the force profile was reversible; i.e., no hysteresis in the
magnitude or range of the repulsive force was detected
when comparing the approach to the separation. An-
other interesting aspect is that the adhesion decreased
from 2.1 to 1.9 mN/m as the repulsive barrier magnitude
increased from 0 to 0.2 mN/m; again, the differences are
equal. These findings suggest that the attractive and
repulsive forces are additive, i.e., they have different
origins. Finally, the jumps into contact were more rapid
with the filtered solutions, while the jump rate de-
creased once a repulsive barrier was present.
Attractive Depletion Interaction and the Repul-
sive Barrier. If the enhanced adhesion found in the
presence of PEG 8k is due to depletion attraction, its
magnitude should correspond to the bulk osmotic pres-
sure. At a concentration of 10 wt % PEG 8k, the
magnitude of the adhesion decreases from a high value
of 2.15, to 1.9, and finally to 1.6 mN/m as the repulsion
increases from O (initial filtered solutions) to 0.2 (later
filtered solutions) to almost 0.5 mN/m in the unfiltered
case, respectively.! Essentially, the difference between
the repulsive barriers and the adhesion forces at
“contact” is constant in all experiments and equal to
Fwota/R = 2.1 mN/m. After subtracting the van der
Waals contribution to the attraction (Fygw/R =~ 0.5 mN/
m, Figure 2), the remaining adhesive force is about 1.6

mN/m. This is consistent with the expected additivity
of the van der Waals attraction and depletion interac-
tion. Moreover, the adhesion at contact in the absence
of any repulsion should be only due to the attractive
van der Waals and depletion interaction (Figure 3A).
Thus, a value of Fo/R = 1.65 £ 0.1 mN/m should
correspond to the osmotic pressure of bulk PEG 8k
solution at 10 wt %. The literature value for the bulk
osmotic pressure, which is highly nonideal, was obtained
from the polynomial derived by Michel and co-workers,?3
who fitted the osmotic pressure of PEG 8k over a large
range of temperatures and concentrations to obtain

[I(atm) = 1.29TG? + 140G* + 4G (3)
where G is the weight percent polymer and T is the
temperature in °C.2°

The experimentally measured adhesion force between
two cylindrical surfaces, F/R, can be readily compared
to the osmotic pressure, I1, using the Derjaguin ap-
proximation:?4

_0E(D) 1 9F(D)
~ 9D  27R D

(4)

Using self-consistent mean field theory, Vincent et al.3
and more recently Evans!? found that the depletion force
had essentially a linear distance dependence for separa-
tions less than twice the depletion layer thickness, D=<
2A, where A is the correlation length of a polymer coil
in solution.?> Therefore, at small separations we have
assumed a linear distance dependence on the depletion
energy:

E(D) = (D — 2A)II, D <2A (5)
Using egs 4 and 5, the experimental results in Figures
2 and 3A, B can be converted to bulk osmotic pressure.
In other words, the slope of the force (divided by 2x)
over the distance at which the surfaces jump in to and
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Table 12
bulk osmotic experimental osmotic
8k PEG wt %%°  pressure (atm), eq3  pressure (atm), eq 5
5 0.38 0.40 £ 0.2
7 0.64 0.58 £ 0.2
10 1.23 1.09 + 0.2

aAs we will show in the following paper, part 2, this weak
repulsion is most likely an electrostatic force due to chelation of
metal cations.

out of contact is the osmotic pressure. Using polymer
scaling theory, we calculate A = 14 A.25 The effective
depletion layer thickness, 2A, from the data in Figure
3Ais 25 £ 5 A, which matches well to the theorectical
value. Using this length scale, the experimentally
determined osmotic pressure is Ilexp = 1.1 £ 0.2 atm,
which agrees nicely with the bulk osmotic pressure, I1
= 1.2 atm, derived using eq 3. Table 1 provides a
comparison of the concentration dependence of the
measured adhesion versus the calculated bulk osmotic
pressure for PEG 8k concentrations of 5, 7, and 10 wt
%.13 As can be seen, the experimental measurements
are in very good agreement with the bulk osmotic
pressures for those polymer concentrations.

At this point, we will leave the resolution of the source
of the repulsive barrier until part 2 of this work. The
behavior as the MW of the PEG chains increases is very
informative and enables one to resolve all aspects of
these interesting direct force measurements.

Dynamic Viscosity Measurements. Water Vis-
cosity. The issue of whether water structures at
surfaces has been debated since the early 1900s and
remains controversial.?6 Lyklema and co-workers re-
solved some aspects of this issue regarding water
structuring at lipid surfaces in 1964.27 By studying the
flow or drainage of water between two surfactant
monolayers (the thinning of a soap film), they concluded
that the viscosity of water, extrapolated from data on
films greater than 400 A thick, remains that of the bulk
within the accuracy of their measurements, i.e., within
10 A of each surface. Hence, there were no rigidified
water layers near the surfactant headgroups or water
structure extending out from the surface over the time
scales of their measurements. However, this is not to
say that the headgroups are not “hydrated”, just that
no change in water viscosity due to “water structuring”
was detected in their measurements.

Our dynamic measurements of the viscosity of water
between two bilayer coated surfaces are complementary
to those measurements made 30 years earlier by Lykle-
ma and co-workers. As shown in Figures 4 and 5, we
too do not detect any increase in the viscosity of water
down to separations of 60 A (smaller separations were
not experimentally accessible). As in our previous
figures, the distance reference frame, D = 0, is based
on the chemical structure of dehydrated DMPC, i.e.,
dehydrated lipids which do not protrude from the
membrane surface (Figure 1). Hence, the bilayers are
in contact at D = 20 A (Figure 2). Using the same
reference for distance, Marra and Israelachvilil® deter-
mined that the van der Waals plane for DMPC mono-
layers was at about D = 11 A or 5.5 A per surface. In
our dynamic measurements, we find the shear plane to
be at D =8 & 7.5 A per surface. This is consistent with
a single monolayer of water “bound” on each surface
(Dshear — Dyaw = 20 = 5 A, or 6 = 2.5 A). Note, the
measured bulk viscosity of 1.0 + 0.1cP for all separa-
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Figure 4. (A) Plot of (1272R%)/I(K)[(Ad/A)? — (1 — fIK)?]V2
against distance D for water and 10 wt % PEG 8k at 25 °C.
Ideally, if the viscosity equals the bulk value at all distances,
the points should fall on a straight line whose inverse slope
gives the viscosity. The intercept of the line with the D axis,
occurs at the plane of shear. The error bars are the standard
deviation for each measurement. Note, the error becomes less
at smaller separations. In addition, the higher bulk viscosities
in the presence of polymer enhance the accuracy of those
measurements. The shear plane between two bilayers in water
is located at D = +16 A. Compared to the origin of the van
der Waals plane at D = 11 A, this is consistent with a single
layer of water molecules bound to each bilayer surface. At large
separations, the effective shear plane in 10 wt % PEG 8k is
located at D = —60 A, while at smaller separations the shear
plane shifts to less negative values approaching the same
position as found in pure water; i.e., in the absence of polymer.
This effect can be fully explained by the presence of a lower
viscosity solution near the bilayer surfaces. (B) Same as part
A but in more detail.

tions is slightly higher than the literature value for
water, u = 0.9 cP, due to most likely a small error in
the radius of curvature measurement (cf. eq 1).28 Thus,
no long-range water structuring from the bilayer surface
is detected. This result suggests that “hydration” repul-
sion is considerably smaller than protrusion repulsion
and acts by pushing out the position of contact by one
immobilized layer of water per surface. In a self-
consistent manner, we use the same reference frame of
Dorigin = 16 A (8 A per surface) for the shear plane in
the analysis of the viscosity profiles in PEG solutions.

PEG 8k at 10 wt % Viscosity. The dynamic
viscosity measurements with the PEG 8k solution
between the bilayers are complimentary to the static
force measurements and provide more information
about the depletion effect. At separations greater than
1000 A, the viscosity in the gap is that of the bulk
polymer solution, 4.3 cP (see parts A and B of Figure
5).30 With decreasing separation the average gap
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Figure 5. (A) Viscosity as a function of distance calculated
using eq 1. No change in the viscosity of water is detected.
Conversely, the viscosity decreases significantly as a function
of separation when the free polymer chains are depleted from
the region near the surface in PEG 8k at 10 wt %. (B)
Theoretical calculations of the viscosity in solutions of PEG
8k at 10 wt %. The symbols are the experimental data and
the solid and dashed lines are theoretical calculations using
different depletion layer thicknesses in the model and equa-
tions detailed in the Appendix. The best fit to the experimental
data is obtained for a fixed depletion layer thickness of 10 A
per surface.

viscosity drops monotonically to 2.2 cP at 80 A (using
the chord measurement), which is significantly less than
that of the bulk solution but higher than the value for
pure water. The effective shear plane, as taken from
the x-intercept in Figure 4B, is negative for this system,
which is indicative of a lower viscosity solution near the
bilayer surfaces. Extrapolating from large separations
we find that Dspear = —60 A. However, fitting points at
separations less than 350 A leads t0 Dgspear = —37 A,
and below 200 A to Dshear = —20 A. These calculations
of effective shear planes at negative distances can be
gquantitatively explained by a low viscosity depletion
layer near the bilayer surfaces.3 At large separations,
the thin depletion layers contribute minimally to the
local viscosity of the fluid at the midpoint between the
surfaces, resulting in an accurate measurement of the
bulk viscosity. However, their presence is directly
reflected by the large negative effective shear planes.
At smaller separations, however, the shear stress at the
surfaces increases and flow in the depletion layer has a
greater impact on the measured solution viscosity,
reducing its mean value.

In an effort to quantify the depletion effect on the
measured fluid flow characteristics, the Navier—Stokes
equations that were used to derive eq 1 were used to
rederive the flow profiles for the case of a layer of lower
viscosity solution (depletion layer) near the bilayer
surfaces (see Appendix). Using similar assumptions as
Israelachvili and co-workers,?! the viscous drag coef-
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ficient g was calculated as a function of separation for
a thin depletion layer of viscosity 4 = 0.9 cP (equivalent
to polymer-free water) at each surface. The sole adjust-
able parameter for the fit to the experimental data was
the depleted layer thickness, which was varied from 0
to 20 A per surface. Figure 5B shows the calculated
gap viscosity as a function of surface separation for
different depletion layer thicknesses. The experimental
data is well fit by this model with a fixed depletion layer
of 10 A per surface. The theoretical depletion layer
thickness of 10 A also agrees very well with the
experimentally determined thickness of 13 A (or 25 +
5 A for two surfaces, Figure 3A). Donath and co-
workers obtained similar results in their astute studies
of the electrophoretic mobility of liposomes in dextran
solutions.3?

At very small separations (D < 26, which is beyond
the experimental capabilities), the data should still
reflect the presence of polymer between the surfaces at
larger radial distances. This explains why the viscosity
never falls to 0.9 cP, even at the smallest separations
in the calculation.

In summary, the viscosity measurements are consis-
tent with the force measurements and further demon-
strate the presence of a thin depletion layer near each
of the bilayers that significantly affects the flow of
polymer solution between the surfaces.

Conclusions

Depletion attraction due to a nonadsorbing polymer
has been directly measured utilizing both static force
measurements and dynamic, thin film viscosity mea-
surements. The additional adhesion measured between
the surfaces in solutions of PEG 8k corresponded
directly to the bulk osmotic pressure of the polymer
solution. However, the thin film viscosity measure-
ments were particularly sensitive to the polymer-
depleted region adjacent to the surface. In addition, the
viscosity of water confined between two bilayer surfaces
is the same as that of the bulk. The shear plane is
located 3 A farther out than the van der Waals plane
per bilayer surface, consistent with one, effectively
immobilized, layer of water molecules per lipid surface.
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Appendix

The radial component of the Navier—Stokes equation
of motion in cylindrical coordinates assuming constant
viscosity 4 and density p, neglecting acceleration terms
is

P _ oL vy Iy Iy
H ar(r ar (W’)) * 57> p’vrar v 9z

ar (AL)

where P is the scalar pressure at radial coordinate r,
and v is the fluid velocity in the subscripted direction.
The system to be modeled is dissected into two parts:
a thin depletion layer of thickness & and viscosity u° at
each surface, and the main bulk polymer solution of
viscosity uP occupying the remainder of the gap between
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Figure 6. Schematic showing how the system is modeled. A
thin depletion layer of thickness ¢ and viscosity u° is adjacent
to the bilayer surface, and the main bulk polymer solution of
viscosity uP occupies the remainder of the gap between the
surfaces. Because of the relatively large radius of curvature
R, the velocity profile within each layer can be assumed to be
parabolic.

the surfaces (see Figure 6). Due to the relatively large
radius of curvature R of the surfaces, the velocity profile
within each layer can be assumed to be parabolic. Using
no-slip boundary conditions at all of the interfaces, and
constant stress at the depletion layer/bulk interface,
velocity profiles within each layer in terms of the radial
pressure gradient were determined:

1 0P 19P[62 —h h/i2 — 8)?
Vbz—b%—r22+§%—r(a 5 6_( b ) (A2)
2u Iz Iz
s 1 P o h* 9P
2/16 ar 8/16 o

where h ~ hg + r?/2R is the distance between the
surfaces. The pressure profile P(r) can be solved from
eq A2 using the continuity equation

Pry=—/"d —[(hlz—é)[—(h/2 o) +

162 —ho  (h/2 - o) )] [ ]
1 - — (hi2 - o)
2( 2 E 1
h2s) -
6] @9

where w is the velocity that the surfaces approach each
other. The net force between the surfaces comes from
integrating the pressure over the surface area:

F= [ dr 2zrp(r) (A4)

The integral was calculated numerically as a function
of surface separation for different depletion layer thick-
nesses. These results were interpreted in terms of an
effective viscosity of the composite fluid between the
surfaces, and were compared to the experimental data
in Figure 5B.
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