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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 poly(ethylene
glycol) (PEG), a neutral polymer for which water is a good solvent. In part 1 (previous paper in this
issue), we presented detailed measurements of depletion attraction in the presence of 8000 molecular
weight PEG. In part 2 (this work), we address the behavior of higher molecular weight 20 000 PEG.
Specifically, the higher molecular weight PEG adsorbs to the surfaces and both a steric as well as an
unexpected electrostatic repulsion were measured. We determined that higher MW PEG chelates metal
cations and thereby induces an apparent electrostatic charge on the bilayer surfaces upon adsorption.

Introduction

The adsorption of poly(ethylene glycol) (PEG) at
interfaces is an important phenomenon in numerous
practical applications, since many aqueous colloidal
systems are stabilized or destabilized by nonionic
polymer additives of which PEG is one of the most
common. In part 1 of this work,! we described how the
addition of certain molecular weights of PEG led to an
enhanced attractive force between surfaces through a
depletion attraction effect. In this second paper, we
focus on the crossover from depletion to adsorption as
a function of increasing molecular weight of the polymer.

That longer chains adsorb to a surface in comparison
to the depletion of shorter, but otherwise identical,
chains is not particularly surprising. Very simply,
polymer adsorption is governed by the adsorption
energy, ¢, per monomer of the chain. When the total
energy exceeds KT, ewtal ~ Ne > KT, where n is the total
number of adsorbed or bound monomers, polymer chains
will adsorb to the surface. In effect, there is a “critical”
chain length above which a sufficient number of seg-
ments form physical bonds with the surface.? Moreover,
since the entropy per chain in the bulk is given by S [
Dp/N In(Pp/N), where dy, is the monomer bulk volume
fraction and N is the number of monomers per chain,
large chains lose less entropy than smaller chains upon
adsorbing to a surface and are thus preferentially
adsorbed.?

The structure and interaction of such adsorbed poly-
mer layers have been studied extensively both experi-
mentally and through theoretical treatments.* The
crossover from depletion to adsorption although straight-
forward from a theoretical viewpoint is a difficult region
to probe experimentally. Here, we present direct and
quantitative studies of this crossover in aqueous solu-
tions of PEG. The “critical” chain length or molecular
weight occurred over a surprisingly narrow range,
8000—20 000. In addition, the behavior in a mixed
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solution of 8k and 20k PEG clearly demonstrates both
phenomena, depletion of the lower 8k MW PEG chains
and adsorption of the higher 20k MW PEG chains. This
combination of interaction forces has previously been
referred to as “hairy” depletion attraction.®

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) was from Sigma Chemical
Co. (St. Louis, MO), PEG-18,500 (18k) and PEG-20 000 (20k)
were from Polysciences, Inc. (Warrington, PA), and PEG-
20 000 (20k-h) was from Shearwater Polymers, Inc. (Hunts-
ville, AL). All chemicals were used without further purifica-
tion. PEG is water soluble at moderate temperatures in all
proportions over a wide range of molecular weights (MWs).

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, 18k
or higher, are found to be ineffective. Thus, the behavior is
very MW-dependent in this range. The 8k (Sigma) and 18k
and 20k (Polysciences) PEG we use are commercial grade and
polydisperse. Although the 8k PEG is a homogeneous chain
of (CH,—CH,—0) terminated by hydroxyl groups, the 18k PEG
is produced by reaction of two ~9000 MW chains with
bisphenol A diglycidyl ether.® Hence, the higher molecular
weight chains are slightly chemically different from lower
molecular weight samples (Figure 1). To account for this
difference we also used commercial grade 20 000 MW PEG
from Polysciences that is chemically identical to the lower MW
8000 PEG. Finally, monodisperse homogeneous PEG 20k-h
(Shearwater) was also investigated. This polymer does not
contain the reactive center of the traditional high MW
products, but differs from the Polysciences homogeneous PEG
in that it is very monodisperse, <1.06.

Static Force Measurements. The Surface Forces Ap-
paratus, Mark |1, was used to conduct all force measurements.
This apparatus has been described previously.*”

Model bilayer surfaces were constructed on the mica sub-
strates used in the Surface Forces Apparatus by Langmuir—
Blodgett deposition. The first or inner layer of the supported
bilayer was DPPE (IT = 40 mN/m, 43 A2/molecule), which binds
physically but strongly to the mica substrate. DMPC (I1 =
31 mN/m, 58 A2molecule) was deposited as the second or outer
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Figure 1. (A) Chemical structure of low molecular weight
poly(ethylene glycol) (PEG) also commonly referred to as poly-
(ethylene glycol). (B) Chemical structure of 18k PEG con-
structed by linking two lower molecular weight ~9000 MW
PEG chains via reaction with bisphenol A diglycidyl ether.
High MW PEG usually contains such linker groups.

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 0.5 mM KNO;
water or PEG solution saturated with free DMPC to prevent
lipid desorption from the bilayers during the experiments.
Throughout this work, the surface separation, D = 0, was
defined as contact between nominally dehydrated bilayers (cf.
Figure 1, part 1%).

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, «, of the intervening fluid as a
function of surface separation. Details of this technique are
given in part 1.2

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 8k and 18k MW PEG at
10 wt %.1° All measurements were made at 25 °C. In
the absence of polymer, the neutral lipid bilayers weakly
adhere to each other via a van der Waals interaction
with an energy minimum at D ~ 30 A, below which
repulsive hydration and steric protrusion forces oppose
closer approach.® In the presence of 8k MW PEG at 10
wt %, the measured adhesive minimum occurs at the
same separation (~30 A) but is significantly greater
than the always present van der Waals attraction. The
increased adhesion is due to the depletion interaction
in the presence of nonadsorbing “free” polymer chains.-1°
However, there is also an unexpected repulsive force at
larger separations (D ~ 300 A or 4Rg) prior to the
attractive regime. Conversely, with PEG 18k at 10 wt
% the interaction is entirely repulsive at all separations
due to confinement or adsorption of this particular
molecular weight to the bilayer surface. As a result,
the surfaces remain separated by a 67 + 2 A thick layer
of compressed polymer even under a compressive force
of 50 mN/m.

Adsorption of Higher MW PEG. The entangle-
ment molecular weight for PEG is 17 600. Hence at a
concentration of 10 wt % of PEG 18k (C* = 1.6%),
molecular entanglements with an appreciable lifetime
may exist and individual molecules no longer diffuse
separately. As a result, the PEG 18k chains may
remain Kkinetically trapped in the gap between the
approaching surfaces. The measured repulsive force
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Figure 2. Force profiles, F/R vs D, between supported DPPE/
DMPC bilayers in water and aqueous PEG solutions. The
circles and dashed curve are 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 ap-
proaching 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 of the attractive
force. The resulting mechanical instability causes the surfaces
to jump together or apart. Thus, these portions of the force
profile are inaccessible. Squares: force profile in PEG 8k at
10 wt %. The adhesion between the surfaces is significantly
greater in the presence of the polymer due to an attraction
depletion interaction. Diamonds: open symbols are for the
approach in PEG 18k while filled symbols are taken during
the separation. Note that the force with the higher molecular
weight polymer is long range and entirely repulsive.

between the surfaces would then be due to the entropic
confinement and elastic compression of the trapped
chains. To determine whether the 18k chains were
truly adsorbed to the bilayer surface or merely Kineti-
cally trapped between the approaching surfaces, we also
investigated a much lower concentration of 1 mg/mL,
or 0.1 wt % PEG 18k. As seen in Figure 3A, even in
the dilute regime, a strong repulsion is measured
between the surfaces and the position of hard contact
is shifted out by 15 + 5 A indicating that PEG 18k
adsorbs to the bilayer surface. Hence, chains of this
particular molecular weight adsorb to the bilayer sur-
face. Moreover, others have shown that vesicle tum-
bling rates, measured with 3P NMR, and vesicle
aggregation are both inhibited in the presence of PEG
18k,1011 again indicating that this is an equilibrium
effect.

However, as shown in Figure 1, PEG 18k is chemi-
cally different from lower molecular weight chains, such
as PEG 8k, since 18k PEG is produced by reacting two
lower MW (~9000) chains via a reactive linker of
bisphenol A diglycidyl ether (multiple linkages are used
to make higher MWs).6 Thus, higher MW chains
generally have a hydrophobic center group. Although
such groups are not expected to bind to a hydrated
bilayer surface, to elucidate this issue, we also investi-
gated the interaction with homogeneous PEG 20k
chains (mondisperse 20k-h and polydisperse 20k), which
are chemically identical to PEG 8k. Once again, a
strong repulsion was measured between the surfaces



8260 Kuhl et al.

20 I.'A T T I L LA I T T T | T T T TTI T T T
PO
i3 + PEG 18k
15088 o PEG 20k ]
33 o PEG 20k-h
%’; ¢ PEG 20k-h

Force/Radius, F/R (mN/m)
o

T T T T T TT T T T T T T 17T T 7T

0 R unssinass IR SRR ST
0 100 200 30 400 500
istance,
A Dist D (A)
100 ggrrr T
A + PEG 18k
> g o PEG 20k
£ 10 o PEG 20k-h
[~ e PEG 20k-h
~
L Increasing
g 1 Salt 3
"g
e : TR s K'=130A
e 0.1 3 & ° 5% %8&50 o E
. .'h.%» ° oo &
S T RS R I
” . R © e o ° ° ]
001 Lot v 1 Mot ol bl

0 100 200 300 400 500 600 700 800
B Distance, D (A)

Figure 3. Force profiles measured between bilayers in the
presence of 0.1 wt % PEG with a nominal molecular weight of
20k. In all cases, the higher molecular weight polymer adsorbs
to the surfaces and the position of contact is shifted out by 25
+ 10 A as compared to in the absence of polymer. (A) Linear
plot: Plus symbols are the data for PEG 18k from Polysciences
in 5 mM KNOgs. This polymer contains a hydrophobic linker
as shown in Figure 1. Diamonds are for polydisperse PEG 20k
from Polysciences, which does not have the hydrophobic linker
group. Open (0.5 mM KNO3) and filled circles (5 mM KNOg)
are the data measured with monodisperse PEG 20k from
Shearwater. This polymer is homogeneous and does not
contain a hydrophobic linker group. (B) Same data as shown
in part A but on a semilog scale. The long-range repulsion
measured with the higher molecular weight PEG is due to an
electrostatic interaction. The apparent surface charge is 25 +
5 mC/m?. Inset: schematic of a six member crown ether ring
binding K*. It is more likely that a less structured (—OCH,-
CHz—)n loop is formed around the metal cation. The “perfect”
six member ring is shown for illustrative purposes.*?

indicative of chain adsorption even at a low concentra-
tion of 0.1 wt % (Figure 3A). These results indicate that
the repulsive force measured in solutions of higher MW
PEG is most likely due to single chain adsorption, and
that PEG chains of these molecular weights are suf-
ficiently long (e€total & Ne > KT) to bind individual chains
to the surface.?2 However, when these data were plotted
on a semilog scale (Figure 3B), it became clear that the
source of the repulsion was not only from a steric
interaction, due to PEG adsorption, but also from a
weak long-range electrostatic interaction.
Long-Ranged Electrostatic Repulsion. To verify
the electrostatic origin of the long-range repulsion at
0.1 wt % PEG 18k, 20k, and 20k-h, the electrolyte
concentration was varied during some experiments. As
shown in Figure 3B, the exponential decay length
decreases from 130 A at 0.5 mM to 40 A at 5 mM KNOg3
as expected for the Debye length. At first glance, these
results are rather unexpected since PEG is a nonionic
polymer. However, PEG itself is not becoming ionized.
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Figure 4. (A) Plus symbols are measured in PEG 8k at 10
wt %. The depletion interaction leads to an enhanced attractive
minimum which occurs at the same separation as in the
absence of polymer. Circles: upon the addition of 0.1 wt %
PEG 20k, the force profile is dramatically altered. The position
of contact shifts out by 20 A due to the adsorption of the higher
molecular weight PEG. However, a depletion interaction due
to the free PEG 8k chains is still measured and the surfaces
jump in (open symbols) and out (filled symbols)of contact. The
adhesion is about the same as measured prior to the addition
of PEG 20k. (B) Same data plotted on a semilog scale. The
long range, exponential force is due to a repulsive electrostatic
interaction between the surfaces.

Rather, some of the chains are chelating metal cations.
A six-membered ring of crown ethers happens to have
the right size of binding pocket to chelate metal cations,
especially sodium and potassium (inset of Figure 3B).1?
Note, all experimental measurements were conducted
with a background electrolyte concentration of 0.5 or 5
mM KNOs. Similar results were obtained if NaNO3z was
substituted for KNO3. Thus, higher MW PEGs bind to
the membrane surface, but they also carry chelated
metal cations with them, thereby rendering the surfaces
positively charged. Moreover, this apparent surface
charge is relatively high, 25 &+ 5 mC/mZ, indicative of
the high affinity of PEG to both bind to the bilayer
surface and chelate metal ions at this particular mo-
lecular weight. We are currently investigating whether
these phenomena are related.®

“Hairy” Depletion Attraction. To further elucidate
the issue of higher MW chains binding to the surface
and the resulting electrostatic interaction, we also
investigated the behavior of a mixed polymer solution.
Initially, the experiment only contained PEG 8k at 10
wt % as shown by the crossed data points in Figure 4A.
A small amount of 20k-h was added to obtain a
concentration of approximately 1 mg/mL PEG 20k-h.
(Note, it is not possible to know the exact concentration
of the added 20k-h in the gap between the bilayer coated
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Figure 5. Semilog plot of the data measured in PEG 8k at 5,
7, or 10 wt %, including results presented in part 1 of this
work. The weak repulsion appears to have an exponential
decay.

surfaces, due to the difficulties of mixing the viscous
polymer solution, 8k at 10 wt % u = 4.3 cP, in situ inside
the SFA.) As seen in Figure 4A, there was a marked
effect on the force profile upon addition of the higher
MW chains. A longer range, D = 450—500 A, and
steeper repulsion are now measured. However, sluggish
jumps in to and out of contact are still present. The
magnitude of the adhesion is still consistent with the
bulk solution osmotic pressure due to the free PEG 8k
chains in solution. However, the position of bilayer—
bilayer contact is pushed out by 15 A, compared to the
contact in the absence of 20k-h. Hence, some of the PEG
20k-h remains on the bilayer surfaces in contact. The
hysteresis seen upon separating the surfaces from the
adhesive contact is most likely from the expulsion or
rearrangement of some of the PEG 20k-h chains in the
gap region during the compression and subsequent jump
into contact.

Finally, the total magnitude of the adhesion is about
the same with an absorbed PEG 20k-h layer as mea-
sured previously only in the presence of PEG 8k at 10
wt % (Fao/R =~ 2 mN/m). This is consistent with the
additivity of the repulsion force due to confinement of
absorbed chains with the attractive depletion interac-
tion, which is frequently referred to as “hairy deple-
tion”.> The presence of an absorbed PEG 20k-h layer
effectively pushes out the position of contact, but the
depletion interaction still occurs between the now
polymer-coated surfaces and the nonabsorbing free PEG
8k chains in solution. The long-range electrostatic
interaction becomes very obvious when the same data
as shown in Figure 4A is plotted on a semilog scale
(Figure 4B). Again, the 20k-h layer adsorbs to the
surface, carrying some chelated metal cations.

Repulsion in PEG 8k Revisited. As mentioned
previously, a very weak repulsion was measured with
PEG 8k before the attractive depletion interaction. The
data, including part 1 of this work, is collected on a
semilog plot in Figure 5. When displayed in this format,
the repulsive barrier in PEG 8k also appears to have
an electrostatic origin in some of the measurements
(square data points). Because of the polydispersity in
the commercial grade PEG samples, the question arises
as to whether the repulsion in the case of PEG 8k is
due to aggregates or to a few stray higher molecular
weight chains. Although, PEG 8k is quite polydisperse,
Mw/Mp = 1.9, the maximum MW range is fairly shal-
low.?? Using GPC, we did not detect any MW chains
above 23k in PEG 8k supplied by Sigma. Conversely,
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Shearwater's PEG 20k-h is monodisperse, My/M,, =
1.06. It is remarkable that there is such a dramatic
difference in adsorption behavior over this a narrow
molecular weight range, 8k—20k. Even though MWs
as high as 85k were detected in GPC runs of the PEG
20k-h, it seems unlikely that the large adsorption we
measured would be due solely to these stray, higher MW
chains. As shown in parts A and B of Figure 4, a small
amount of PEG 20k-h, 1 mg/mL, altered the force profile
tremendously from that when just PEG 8k was present.
Depletion attraction is the dominant interaction ob-
served in PEG 8k, while 20k PEG adsorbs on the bilayer
surface.

In summary, the interaction of the polymer with the
surface is dictated by a combination of many factors,
including the polymer molecular weight, concentration,
presence of contaminates, and the background electro-
lyte.

Dynamic Viscosity Measurements. In colloidal
systems with high concentrations of free polymer in
solution and an adsorbed layer of polymer at the
surface, “hairy” depletion attraction has been observed
where the colloids flocculate due to an attractive osmotic
difference and exclusion of free polymer from the region
between the colloids (ref 5 and Figure 4). At the most
simplified level, the adsorbed polymer is modeled by
merely shifting the hard wall of the colloidal particle
out by the thickness of the adsorbed layer. Hence,
depletion of the free chains still occurs as the separation
of the colloids decreases and a resulting flocculation of
the colloid particles occurs even in the presence of an
adsorbed polymer layer. This interaction was directly
measured in the mixed system of PEG 8k at 10 wt %
when 0.1 wt % of PEG 20k-h was added (Figure 4).

Conversely, the static force measurements with 10 wt
% PEG 20k were entirely repulsive, and no attraction
or adhesion was measured between the surfaces (Figure
2). In other words, although a depletion interaction
from the nonadsorbed or free PEG 20k chains may have
been anticipated, such an interaction was not detected
in the static force measurements. In contrast, our
dynamic viscosity measurements (Figures 6 and 7) show
a significant reduction of the fluid viscosity in the whole
gap for separations less than 1200 A as the depletion
layer dominates the flow, similar to that seen in the
PEG 8k measurements (part 1,! Figures 4 and 5). At
smaller separations, below 200 A, Figure 7 shows that
the viscosity of the gap solution rapidly increases as
fluid flow through the adsorbed polymer layers now
dominates. According to Figure 6, at large separations
(D > 200 A) the effective shear plane is negative (Dshear
= —60 A), indicative of the presence of a depletion
layer.! However, for smaller separations Dghear = +80
A, indicative of a shift in the shear plane due to the
adsorbed polymer layers.

This viscosity profile is consistent with the phenom-
ena of “hairy” depletion.> However, we did not directly
detect any long-range depletion attraction between the
surfaces in the presence of PEG 20k. This is not to say
that no attraction due to depletion occurs in the system;
possibly the repulsion due to the compression of the
adsorbed polymer layer, electrostatic interaction, or
presence of adsorbed polymer aggregates overwhelm the
attractive interaction. Theoretically, to first order, the
steric repulsion due to an adsorbed layer of polymer is
expected to decay with a power law of 2, F/R 0 D214
The power law decay in PEG 20k at 10 wt % was 3.0.
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Figure 6. (A) Plot of (1272R&)/K[(Al/A)? — (1 — fIK)?]¥2
against distance D in 10 wt % PEG 18k 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. (B) Same as part A but in more detail,
curves are linear regressions to the data. Dashed curve: the
shear plane at large separations is negative, D = —60 A,
possibly due to a “hairy” depletion interaction. Solid curve: at
smaller separations the shear plane shifts out to D = +80 A,
indicative of an absorbed polymer layer on the surface.

The apparently more rapid decay in the repulsion may
be due to the hidden attractive depletion interaction.
However, this is purely speculative, and we have not
been able to resolve the absence of attraction in the
static force measurements with the dramatic reduction
in viscosity at intermediate separations shown in Figure
7.4 We leave the investigation of this surprising
viscosity effect for future work.

Conclusions

PEG 20k adsorbs on the bilayer surface, resulting in
a short-range steric repulsion and a long-range electro-
static interaction. At first glance, these results are
rather unexpected since PEG is a nonionic polymer.
However, the chelation of metal cations by PEG, al-
though not well-known in the colloidal science com-
munity, has been well established in the field of organic
chemistry.12 We are currently investigating whether
the adsorption to the bilayer surface was driven by the
chelation and the apparent positive charge of the PEG
chain or whether a noncharged chain could adsorb
independently. It seems likely that association with a
surface would stabilize the chelation of a charged ion.
Last, our dynamic viscosity measurements indicated
that at intermediate surface separations (D > Rg) the
gap solution viscosity in PEG 20k was significantly
reduced compared to that of the bulk, a characteristic
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Figure 7. Viscosity as a function of distance calculated using
eq 1, part 1. For separations greater than 1200 A, the viscosity
is as expected for a bulk sample of PEG 18k at 10 wt %. Below
1200 A, the viscosity falls, possibly due to a “hairy” depletion
interaction. At small separations, the viscosity rapidly in-
creases as the absorbed polymer layers on the surfaces interact
and greatly impede the flow of fluid from the gap.

of “hairy” depletion attraction. At smaller separations,
the viscosity increased as expected due to the adsorbed
polymer layer.
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