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Abstract:

Poly(ethylene oxide), PEO, is widely exploited in biomedical applications, while
phosphatidylcholine (PC) lipids (in the form of bilayers or liposomes) have been identified as very
efficient boundary lubricants in aqueous media. Here we examine, using a surface force balance
(SFB), the interactions between surface-adsorbed layers of PEO complexed with small unilamellar
vesicles (SUVs, i.e. liposomes) or with bilayers of PC lipids, both well below and a little above
their main gel-to-liquid phase transition temperatures 7m. The morphology of PEO layers (adsorbed
onto mica), to which liposomes were added, was examined using atomic force microscopy (AFM)
and cryo-scanning electron microscopy (cryo-SEM). Our results reveal that the PC lipids could
attach to the PEO either as vesicles or as bilayers, depending on whether they were above or below
Tm. Under water (no added salt), excellent lubrication, with friction coefficients down to 10 — 104,
up to contact stresses of 6.5 MPa (comparable with those in the major joints) was observed between
two surfaces bearing such PEO-PC complexes. At 0.1M KNOs salt concentrations (comparable
with physiological salt levels) the friction between such surfaces was considerably higher, attributed
to bridging by the polymer chains. Remarkably, such bridging could be suppressed, and the friction
restored to its previous low value, if the KNO3 was replaced by NaNOs, due to the different PEO-
mica ligation properties of Na* compared to K*. Our results provide insight into the properties of
PEO-PC complexes in potential applications, and to large interfacial effects that can result from

seemingly innocuous replacement of K™ by Na* ions.

Keywords: Lubrication, biolubrication, Poly(ethylene oxide), PEO, Poly(ethylene glycol), PEG,

polymer bridging, phosphatidylcholine lipids, liposomes, hydration lubrication, selective ligation.



Introduction:

Liposomes are large-spherical vesicles consisting of phospholipids that form self-closed bilayer
membranes.! They are biocompatible, with low toxicity? and are of much interests in applications
related to drug delivery, gene delivery and vaccines.® Phosphatidylcholine (PC) lipids complexed
with hyaluronan (HA) have been proposed to form strongly-lubricating boundary layers at
biosurfaces such as articular cartilage.*® Aqueous lubrication by surface attached phospholipids has
been widely studied in recent years.”!? Depending on the type of PC used, efficient lubrication with
friction coefficients down to 10* up to physiologically-high pressures (~100 atm)® has been
observed. This was attributed to hydration lubrication, acting at the highly hydrated phosphocholine
headgroups of the PC lipids exposed at the liposome surfaces.!! Such hydration layers can sustain
large compressions without being squeezed out from the gap between sliding surfaces.!? At the
same time, the hydration shells can relax rapidly, ensuring a fluid like response on shear, and this
combination low shear stresses while sliding under high normal stresses results in very low friction
coefficients u (1 = (force to slide)/load), an effect termed hydration lubrication.!? Several studies in
recent years examined the lubrication by such PC vesicles on bare mica surfaces.®  Gaisinskaya-
Kipnis and Klein'# investigated the lubrication of PC lipids complexed with a negatively-charged
biomolecular bilayer (chitosan and alginate) adsorbed on a mica surface. We now extend this study
to the case of a neutral water-soluble polymer, poly(ethylene oxide), PEO (also known as
poly(ethylene glycol) or PEG) adsorbed on mica surfaces. PEO has some unique features: it is
soluble in both water and organic solvents, and is widely used in stabilization of colloidal
dispersions. It is also currently used in a wide variety of biomedical applications such as to improve
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the stability and biological performance of colloidal drug carriers,'® including liposomic carriers,
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drug encapsulation, pharmaceutical properties of therapeutic proteins, and in

antimicrobial/antifouling applications.?>3! PEG-DSPE (distearylphosphatidylcholine) block

copolymers are biocompatible and can be incorporated in lipid vesicles as stabilizers. PEG-based
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3234 and as scaffolds for cartilage repair,*-*° while the

hydrogels are also used in tissue engineering
surface of liposomes coated with poly(ethylene glycol) could be used for oral delivery of peptides*
and vaccines.*! In the present study, we use the surface force balance (SFB) to examine interactions
between PEO layers adsorbed on mica and in particular how normal interactions and especially
frictional interactions, are modified when PC liposomes are added in pure water and in aqueous salt
solutions. Two PC lipids were used: dimyristoylphosphatidylcholine (DMPC, Tm = 24 °C) and
distearoylphosphatidylcholine (DSPC, T = 55 °C), since it is known’ that the lubrication properties
of PC lipids can vary significantly with the main liquid-phase to gel-phase transition temperature

Tm. For the case of the DSPC liposomes we investigated the behavior both under water and at

physiological-level salt concentrations.

Materials and Methods

Materials:

Hydrogen peroxide (H202, 30%), concentrated sulfuric acid (H2SO4, 98%) and nitric acid (HNOs3,
70%) were supplied by Fisher Scientific, UK and used as received. Ethanol (absolute, HPLC grade,
J.T Baker) was dispensed through a 0.45 pm pore-sized polyethersulphone membrane filter from a
pressure rinser (Pall Corporation, USA). Water was purified by Barnstead NANOpure Diamond™
system, having total organic carbon (TOC) < 1 ppb and resistivity of 18.2 Qcm at 25 °C
(sometimes designated conductivity water). Ruby Muscovite mica (ASTM V-2, special grade) was
purchased from S&J Trading Inc., New York. EPON® resin 1004F (Shell) was used to glue the
mica pieces onto plano-cylindrical quartz lenses. Silver (99.9999%) was purchased from Sigma-
Aldrich. Prior to every experiment, the glassware was cleaned in piranha solution (70% H2SOs,
30% H20:. Care must be used as such solutions are extremely corrosive and can be dangerous if not
handled correctly) and sonicated in pure water and ethanol for 10 min. Stainless steel tools were

passivated in 50% aqueous HNOj3 followed by sonication in pure water and ethanol for 10 min each.
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All preparations were carried out in a laminar hood to avoid particulate contamination. Potassium
nitrate (KNOs3, 99.99% Suprapur®) was purchased from Mercury. Poly (ethylene oxide) of
molecular weight 110 kDa and 26 kDa was purchased from PSS polymer standard services. The
chemicals above were used as received without further purification. DSPC (18:0) and DMPC (14:0)

were purchased from Lipoid (Ludwigshafen, Germany).

Liposome Preparation:

As-received lipids were dispersed in water. In order to obtain dispersed multilamellar vesicles
(MLV), the lipids solution was sonicated for 5 minutes at 65 °C (DSPC) and at 35 °C (DMPC) ,
above the phase transition temperature of each lipid. Then the MLVs were progressively downsized
using an extruder (Northern lipid Inc., Burnaby, BC, Canada) through polycarbonate filters having
pore size of 0.4 um (5 times) , 0.1 um (8 times) and 0.05 um (10 times). The size of the prepared
liposomes were determined using dynamic light scattering (DLS). For the salt experiments the

procedure was identical save that 0.1M KNOs3 solution was used in place of water.

Laver-by-Layer adsorption:

Zero of contact between two mica surfaces in the SFB (see below) was determined by bringing
these two surfaces into adhesive contact under pure water. Then, the water was replaced by PEO in
0.1M KNOs salt solution and the surfaces allowed to incubate for 14 - 16 hours. PEO solutions at
concentration 150 pg/mL were prepared by dissolving the polymer in 0.1M KNOj solution at room
temperature and stirring at 40 °C for 48 hours. Following incubation the excess polymer was first
washed with 0.1M KNOj followed by pure conductivity water, and then the normal and shear force
profiles were measured between the adsorbed-polymer-bearing surfaces. Then the water was
replaced by 0.5 mM liposome dispersion, allowed to incubate for 4 hrs, and normal and shear

profiles were then carried out.



Surface force balance (SFB)

The procedures of the mica-SFB technique have been described in detail elsewhere.*? To summarize
briefly: the SFB technique monitors the bending of two orthogonal leaf springs, a normal spring Kx and a
shear spring Ks (shown schematically in the inset to Figure 4) to measure the normal (Fy) and shear (F%)
forces applied to two curved, back-silvered, atomically-smooth mica surfaces, in a crossed-cylinder
configuration (mean radius of curvature R). Motion of the surfaces relative to each other is applied via a
fine screw and a differential spring, while fine motion (to +2-3 A), both lateral and normal to each other,
is applied via a sectored piezoelectric tube. The bending of the normal-force spring Kx is determined via
the surface separation D, which is optimally measured to +2-3 A using multiple beam interferometry by
monitoring the wavelength of optical interference fringes of equal chromatic order (FECO). An air-gap
capacitor is used to monitor the bending of the shear-force spring Ks which then provides a direct

measure of F.

Normal force profiles Fi(D) and shear force traces Fs(f) were recorded in the same approach and
separation cycles. As the surfaces were progressively compressed Fn(D)/Ris, in the Derjaguin
approximation valid here, proportional to the interaction energy per unit area between two flat parallel
surfaces obeying the same force law, and is a means of normalizing results obtained using different
curvature surfaces.*’ At each surface separation, lateral motion of the upper surface was applied for one
minute, both during compression and upon separation of the surfaces. Shear profiles were taken by
directly measuring the response of the lower surface (manifested as bending of the shear spring K) to this
lateral motion. The lateral motion amplitudes (applied by the sectored PZT actuator), Axo, ranged from
200-1200 nm while the applied shear velocities vs ranged from 10-600 nm s'. Shear forces Fare

measured from the plateau regime of the friction-force vs. time traces (shown later).

In cases where a clear plateau is not discernible, the magnitude of the weak shear forces are

determined either by filtering the signal about the drive frequency, or by fast Fourier transform of the data
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to yield Fs at the drive frequency'?; the two approaches yield similar values of Fs. The results presented
here are based on 2-3 independent experiments (different pairs of mica sheets) for each configuration,

carried out in temperature-stabilized rooms at 25 + 0.2 °C.

The normal compressive loads cause an elastic flattening of the curved surfaces, of area 4, mostly due
to compression of the glue supporting the mica sheet. This is clearly observed as flattening of radius a at
the tips of the interference fringes. The mean pressure, P, between the compressed surfaces can then be
directly evaluated from the dimensions of this flattened area as P = Fy/A = Fy/ma’. The flattening of
contacting, non-adhering surfaces can be also evaluated from Hertzian contact mechanics,* and be used
for pressure evaluation. This method is preferred for cases of small@ which may not be readily
measureable from the fringe shapes, where a = (FaR/K)"?, K being the known effective elastic modulus

(determined separately) of the glue/mica layers.

Atomic Force Microscopy (AFM)

Surface topography was determined by using an atomic force microscope (MFP-3D SA, Oxford
Instruments Asylum Research, Inc., Santa Barbara). The surfaces were scanned in non-contact
mode under conductivity water using a silicon nitride V-shaped cantilever having a nominal spring
constant of 0.35 N/m with a pyramidal silicon nitride tip with a nominal radius of 2 nm (SNL,

Bruker).

Cryo SEM:

The samples were rapidly frozen in liquid ethane at -160 °C using a custom-made spring plunger.
Ice was sublimated at -80 °C for 1.5-2 hours. The samples were rotary-shadowed with 3-5 nm Pt/C
at an angle of 45°. Thereafter, the samples were transferred using a vacuum cryo-transfer (VCT)

device (model 100, Leica Microsystems, Vienna) to an Ultra 55 high resolution scanning electron



microscope (cryo SEM) (Zeiss, Germany) equipped with a cryo stage for cryo imaging of biological
samples and synthetic soft materials. Samples were observed at voltages of 0.9-10 kV by means of

an in-lens secondary electron detector at a temperature of -120°C.

Dynamic Light Scattering:

The size distribution of the liposomes was obtained by Viscotek model 802 dynamic light scattering

(DLS) at laser wavelength of 830 nm and by Malvern’s Zetasizer Nano ZSP.

Results and discussion

Unless otherwise stated, all PEO samples used were of My, = 110 kDa.

Size-distribution of PC-SUVs and their complexes with PEO

The size of the PEO and of the PC vesicles were determined using DLS. Figure 1 shows the
hydrodynamic size distribution of PEO alone, of DSPC-SUVs alone, and of the DSPC-SUVs

together with the PEQ, all in the 0.1M KNOs solution (results in water were rather similar).
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Figure 1: Size distribution of PEO, DSPC-SUVs, and their mixture, in 0.1 M KNOs;. PEO
(concentration 150 pg/mL) (circles); DSPC-SUVs prepared in salt, concentration 0.5 mM (squares);
and a mixture of DSPC-SUVs (concentration 0.45 mM) and PEO (concentration 15 pg/mL)
(triangles).

As seen in Figure 1, the hydrodynamic diameter of PEO (110K) in 0.1M KNO; was 28 nm. The
hydrodynamic diameters of the DSPC-SUVs either alone, or together with PEO in 0.1M KNO;3,
were 90+5 nm; the interesting feature here is that the PEO DLS peak at 28 nm disappeared from the
polymer/liposome mixture, indicating that essentially all the PEO in the solution adsorbed to the
liposomes outer surface. The fact that there is no significant increase in the liposome size as
determined by DLS prior to and following the PEO adsorption suggests that the PEO adsorbs to the
vesicle surfaces in layers that are much flatter than its free-floating hydrodynamic radius of ca. 14
nm. An estimate based on the concentrations of PEO and liposomes in the DLS solution indicates
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ca. 20£2 PEO molecules are adsorbed onto each vesicle. This corresponds to a low adsorbance of
ca. 0.1 mg/m? of the PEO on the vesicle surface, compared with an adsorbance 3 - 4 mg/m? for PEO
of similar M, adsorbed from 0.1M KNO; onto mica*’, which would be consistent with a thin

adsorbed polymer layer (< 5 nm) on the vesicles and thus with the DLS measurements.

Imaging of Liposomes on PEO layers adsorbed on mica:

The surface structure of liposome-polymer complexes were studied by AFM and Cryo SEM. Figure
2A shows the AFM image of DSPC-SUV on PEO having a height of 10+1 nm and lateral
dimension of ~ 100 nm corresponding to the adsorbed, flattened vesicles, similarly to what was
previously reported by Sorkin.” Figure 2B shows the AFM scan of DMPC-SUVs on PEO revealing
a bilayer surface with a height of 5+1 nm. Figure 2 (C-D) shows the AFM scan of DSPC-SUV
prepared in 0.1M KNO3 on bare mica and on PEO having a height of 10+2 nm and lateral
dimension of ~ 100 nm corresponding to the adsorbed, flattened vesicles. We noted that AFM scans
of DSPC liposomes prepared in 0.1 M KNOs salt solution on PEO adsorbed on mica was harder to
image, probably due the presence of high concentration of salt in the system, which weakens the

adsorption of liposomes on PEO/mica.
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Figure 2: AFM imaging of different liposomes on mica and PEO-coated mica A) DSPC-SUVs on

PEO in water, B) DMPC-SUVs on PEO in water, C) DSPC-SUVs in 0.1M KNO3 on bare mica and
D)DSPC-SUVs on PEO in 0.1M KNOs.
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Figure 3 shows the cryo-SEM images of liposomes prepared A) in water and C) in 0.1M KNO3 on
PEO-coated mica and B) on bare mica. DMPC liposomes could not be imaged, probably due to
their rupturing upon adsorption to the PEO adsorbed mica surface, compounded by damage because

of the cryo-SEM preparation procedure.

h . a M L B oy
100 hm Mag= 11819 KX EHT= 1.00kV  SignalA=InLens Date:25Dec2017 Prsey
WD= 24mm  Aperture Size = 10.00 um File Name = sample_2_d5.tif

Mag= 26439 KX EHT= 100KV  Signal A=Inlens Date :19 Mar 2017 ﬁ
WD = 1.3mm  Aperture Size = 10.00 ym File Name = hydrophiliic_PtC_008 tif

Mag= 17395KX EHT= 1.00kV  SignalA=InLens Date:25Dec2017 [
WD=26mm  Aperture Size = 10.00 ym _File Name = sample_1_35.tif

Figure 3: Cryo-SEM images of: A) DSPC-SUVs on PEO in water; B) DSPC-SUVs prepared in
(0.IM KNO3) on bare mica; and C) DSPC-SUVs prepared in (0.1M KNO3 ) on PEO. Scale bars:
100 nm.

Normal and Frictional Forces between PEO/liposome complexes:

Adsorbed PEO layers:
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Earlier studies show that PEO does not adsorb on mica from pure water, or from Na* or Li* salt
solutions,* but only by co-ordination bonds via potassium ions at the mica surface (and not via van
der Waals dispersion forces).*” Normal surface interactions two mica surfaces incubated overnight
in 150 pg/ml PEO solution in 0.IM KNO; , are presented in Figure 4. The force vs. surface
separation D profiles, as well as the frictional behavior, agree well with previous normal force
studies between PEO layers adsorbed from 0.1 KNOs*”. Long ranged repulsion forces commenced
from ca. 80-100 nm, likely due to double-layer electrostatic repulsion together with steric
interactions of the adsorbed polymer. On further compression, a limiting surface separation, or
‘hard wall’ repulsion, was measured at D = 9 £+ 2 nm which is again in agreement with the previous
result.*’ Replacement of PEO solution by pure water resulted in no significant change in Fu(D)
profiles (Figure 4), showing that the PEO did not desorb despite replacing the K* salt solution by
water. The adsorbed PEO layers, whether under bulk PEO solution or under pure water, exhibited
poor lubrication properties, as shown in Figure 4 (B), with friction coefficients increasing from ca.
0.03 at low loads (up to Fn = 20 uN, corresponding to normal contact stresses of ca. 0.5 MPa) to
ca. 0.1 at the highest loads, similar to an earlier study.*® The friction is attributed to frictional
dissipation as PEO segments rub against each other at low loads, and to bridging by the polymers at

high compression, where the PEO chains making contact with the opposing mica surface.
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Figure 4: A) Normalized force Fi/R versus surface seperation D profiles between two mica surfaces
following the incubation of 150 pg/mL PEO solution in 0.1M KNO; (Circle and square) and after
replacement of the PEO solution by pure water (triangles and asterisks). + symbols are data from
ref. 47 B) Friction force Fs versus load F, between mica surfaces bearing PEO layers. Filled
symbols are the first approach, the empty symbols are second approach, and different shapes
represent different contact position or different experiments.
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Liposomes on PEO coated mica surfaces (across water):

Following PEO adsorption on the mica and determination of the normal force profiles as above
across water, PC- SUVs were absorbed on PEO layers by incubation in DSPC- or DMPC-SUVs
dispersions at 0.5 mM lipid concentrations for 4 hours, and the resulting normal force profiles are
shown in Figure 5 (A) and (B) respectively. For the case of DSPC, Figure 5(A), the force profiles
between bare mica and between PEO coated mica surfaces are shown for comparison (triangles and
asterisks symbols). The liposome/PEO complex surfaces exhibit a long-range repulsion, likely of
steric origin due to the attached vesicle layers, commencing at D = 100 - 200 nm. With further
compression, a sharp increase in repulsion is observed, with an effective hard wall (i.e. limiting
thickness at high compressions) of 15 + 2 nm in the case of DMPC-SUVs and 32 nm in the case of
DSPC-SUVs attached to the adsorbed PEO layers. Comparing with the hard wall separation D =9 +
2 nm with PEO alone, the additional hard wall thickness corresponds to some 2 compressed
liposome layers in the case of DSPC and some two compressed bilayers in the case of DMPC; that
is one DSPC vesicle layer and one DMPC bilayer per PEO-coated surface respectively, which is

very much in line with indications from the AFM and cryo-SEM micrographs (Figures 2, 3).
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Figure 5: Force Fw/R versus surface seperation D profiles between adsorbed PEO following
incubation in A.) DSPC-SUV dispersion and B.) DMPC-SUV dispersion. Filled symbols are the
first approach, the empty symbols are the second approach, and different symbols represent
different contact position or different experiments. In (A) are shown, for comparison, also the bare
mica (asterisks) and PEO-coated mica (cross) interactions prior to adding the liposomes.
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While the difference between the normal force profiles Fin(D)/R for adsorbed PEO alone and
following the addition of liposomes, as in Figure 5, shows the additional range of repulsion due to
the lipids complexing with the adsorbed layers, the really striking differences are seen when
measuring the shear or frictional forces. As seen in Figure 4(B), adsorbed PEO alone exhibits poor
lubrication properties with friction coefficient of x = 0.1 at higher compressions; however, the
complexing of lipids on the adsorbed polymer layer results in very different behavior, differing also
between the two lipid types, as shown in Figures 6 and 7. Figure 6 (A-B) illustrates typical frictional
traces Fs(f) observed at increasing pressure for PEO-DSPC and PEO-DMPC coated mica surfaces,
respectively, while Figures. 7(A-B) summarize the variation of Fj, extracted from such traces, as a

function of corresponding loads Fi.
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Although the normal force profiles of DSPC and DMPC as shown in Figure 5 were broadly similar
(save that their hard wall separation differed, indicating either one vesicle layer or one bilayer on
the adsorbed PEO, respectively), they show very different frictional behaviour. For the DSPC
layers, Figure 7(A), friction was greatly reduced with ¢ down to 0.0001 at the highest loads, while
for DMPC, Figure 7(B), the scatter was larger, with g largely in the range 0.06 — 0.15 (and in one
measurement as low as 0.01). For the DSPC case, where the SUVs retain their integrity when
attached to the PEO layers, as shown in the micrographs as well as in the normal force profiles, the
low friction is attributed to boundary lubrication between the highly-hydrated phosphocholine
layers exposed by each of the opposing SUV layers. We note the rapid initial rise in friction (Figure
6(A), seen also in earlier studies,® which is likely due to viscous losses arising from shear of the
PEO/DSPC-SUV surface complexes at the lower compressions. For the DMPC case, Figure 6(B),
where each surface is coated by a bilayer alone (rather than a vesicle layer), the higher frictional
dissipation may be higher as a result of a less robust lipid layer (recalling that 7m = 24 °C for the

DMPC is similar or slightly lower than the measurement temperature 25 °C.°)
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Interactions of lipid/PEO complexes across aqueous salt solutions:

Normal and shear interaction of liposomes on PEO, Figure 5 - 7, were studied across water with no
added salt. However, from biological point of view, it is of interest to study such interactions closer
to physiological salt concentration. Figure 8(A) shows the normal force versus surface separation D
of DSPC-SUVs prepared under 0.1M KNO3 on PEO-coated mica surfaces across aqueous 0.1M

KNOj3 solution.
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KNO3) on PEO-coated mica surfaces across aqueous 0.1M KNOs solution. B) Shear force
(Fs) as a function of normal force (F,) for the system in (A). Different symbols represent
different contact position or different experiments.
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The normal force profiles Fn(D)/R in Figure 8(A) exhibit a steric repulsion from D = 200- 220 nm
attributed (as for the pure water case) to steric effects due to excess liposomes weakly attached on
the adsorbed PEO layer. On further compression, a sharp increase in repulsion is observed with the
final (‘hard wall’) separation varying from 35 nm to 50 nm for different contact positions,
corresponding to roughly 2 - 4 flattened DSPC-SUV layers confined between the adsorbed PEO

layers (or ca. 1 —2 SUV layers per surface).

Shear force measurements under 0.IM KNOs, however, as seen in Figure 8(B) reveal a large
frictional dissipation, with ¢ = 0.02 — 0.17 at the highest compressions, very much higher than for
the DSPC/PEO surface complex under (no-added-salt) water, Figure 7(A), for which ¢ down to 10
was measured. This could be attributed to a number of factors. The hydration lubrication
mechanism acting at the vesicle-vesicle interface at high salt concentrations may be less effective
than in pure water, due to competition for the hydration water by the salt ions,*® although
measurements by Goldberg et al.® suggested that similar PC vesicles could provide good lubrication
at high salt. It is also possible that the higher frictional dissipation arises from the adsorbed
polymer itself, for example through bridging across from one mica surface to the other: in the pure
water experiments such bridging would be suppressed as PEO is known not to adsorb on mica from
salt-free water,*’ but it may occur in 0.1M KNOj3, from which PEO is known to adsorb on mica via
K* bridging of PEO segments to the mica. In order to shed light on this we carried out the following

experiments.

To examine the question of the effect of salt on the hydration lubrication, we adsorbed DSPC-SUVs
(prepared in salt solution) on bare mica, and measured the interactions between them under different

conditions. The results are shown in Figure 9, where the normal and shear interaction
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Figure 9: Normal force versus surface seperation D of DSPC-SUV prepared under 0.1M KNOs on
bare mica surfaces across (A) Liposome solution, following 4 hours incubation (C) aqueous 0.1M
KNO;3 solution and (E) pure water. Shear force (Fs) as a function of normal force (£,) of DSPC-
SUV on mica surfaces across (B) Liposome solution, (D) aqueous 0.1M KNOs solution and (F) pure
water. Filled symbols are the first approach, the empty symbols are the second approach, and
different symbols represent different contact position or different experiments.
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between two bare mica surfaces are measured across: 1) DSPC-SUV dispersion prepared under
0.1M KNO;3, following 4 hours incubation in the dispersion, to allow the vesicles to coat the mica;
2) after the dispersion was replaced by 0.1M KNOj salt solution; 3) after the salt solution was
replaced by water. We see clearly, Figures 9(A), 9(C) and 9(E), that the normal force profiles are
similar for all three configurations, with ‘hard wall’ separations corresponding in all cases to 2-3
confined DSPC liposome layers. At the same time, the shear force profile, Figures 9(B), 9(D) and
9(F) reveal clearly that in all three cases the friction is very low, with x values in the range 1073 —

5x10** throughout.

The results in Figure 9, where very low friction is seen, tell us clearly that the effect of salt on
hydration lubrication at the interface between the DSPC vesicles in 0.1M KNOs is negligible, and
thus cannot be the origin of the high friction between the DSPC vesicles complexed with the PEO in
0.IM KNOs, as in Figure 8(B).To examine therefore whether polymer bridging might be
responsible for this high friction, we replaced the 110 kDa PEO with a much shorter PEO of My =
26 kDa, with the idea that shorter polymers have a lower likelihood of bridging, if only because
their tails and loops are on average shorter. The results are shown in Figure 10. They reveal rather
similar behaviour to that using the longer PEO (110 kDa), as in Figure 8, in particular that the
friction coefficient, at 4~ 0.02 — 0.08, remains high relative to that in the absence of adsorbed PEO
(Figure 9, where = 10 or lower) indicating that bridging may still be active, and increase the

frictional dissipation on sliding, even with the shorter PEO chains.
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Figure 10: A) Normal force versus surface seperation D of DSPC-SUV prepared under 0.1M KNO;
on PEO (26 K) coated mica surfaces across aqueous 0.1M KNOj solution. B) Shear force (Fs) as a
function of normal force (F,) of DSPC-SUV on PEO (26 K) coated mica surfaces across aqueous
0.IM KNOs; solution. Different symbols represent different contact position or different
experiments.
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The experiments described above for both the adsorbed 110 kDa and 26 kDa PEO chains involved
KNO:s as the salt used to bring the aqueous medium to physiological salt concentrations, and in both
cases the high friction with DSPC-SUVs is attributed to bridging. As K" is known to be a ligating
ion for the PEO adsorption to the mica,*” we hypothesized that changing the alkali metal ion type
from potassium to sodium would prevent the bridging between the two surfaces by the PEO
polymer. This is because, as shown earlier,* it is known that PEO does not adsorb on mica from
either LiNOs3; or NaNOs solutions. Therefore, we adsorbed the PEO(110 kDa) on the mica surface
from KNOs3 solution followed by washing the salt excess with pure water; this procedure, as seen
earlier, left the adsorbed PEO layer intact on the mica surfaces. DSPC-SUVs were made in 0.1M
NaNO:s salt solution, and this dispersion then replaced the water in the SFB, left to incubate for 4
hours with the PEO-coated mica surfaces, and normal and shear forces were determined.
Subsequently, as for the procedure shown in Figure 9, the DSPC-SUV dispersion was replaced by
0.1M NaNO3, and following measurements, the salt solution was itself replaced by pure water and
Fy(D) and Fs were measured again. Results are shown in Figure 11, and reveal clearly that our
hypothesis was correct: frictional dissipation on compression and sliding became very low again,

with g in the range ca. 5 x 10 to 8 x 1073 in all three cases.
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Figure 11: Normal force versus surface seperation D of DSPC-SUV prepared under 0.1M NaNOs
on PEO (110K) across (A) Liposome solution, (C) aqueous 0.1M NaNOs solution and (E) pure
water. Shear force (Fs) as a function of normal force (Fn) of DSPC-SUV on PEO across (B)
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represent different contact position or different experiments.
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Figure 11 shows that long ranged repulsion — likely of steric origin due to liposomes attached to the
adsorbed PEO layers - was observed commencing from ca. 200 nm in all three cases. With further
compression a final ‘hard-wall’ separation of ca. 30 nm was measured in all cases, Figure 11 (A),
(C) and (E), corresponding to two compressed DSPC-SUVs vesicle layers, one on each surface
(deduced from the ca. 9 nm thickness of the two adsorbed PEO layers, and ca. 20 nm thickness due
to two flattened DSPC vesicles). The shear force measurements, Figure 11 (B), (D) and (F), show
the low friction noted above, and confirm that little bridging occurred under the sodium salt
solution, in strong contrast to the earlier measurements under KNOs, Figure 8, where u values were

around 0.02 — 0.2. These results are summarized in Table 1.

System Medium Friction P, ax “Hard-wall”
Coefficient (u) (atm) Separation

(hm)

PEO Water 0.07 -0.13 9 9+1

PEO (110k)/ DSPC-SUV | Water 0.002 - 0.0008 55 30+2

PEO (110k)/DMPC Water 0.02-0.1 31 17 +2

DSPC-SUV/ Mica 0.1M KNO4 0.0001 - 0.001 70 30+2

PEO ( 110k)/DSPC-SUV | 0.1M KNO4 0.02-0.17 35 35+5

PEO (26k)/DSPC-SUV | 0.1M KNO;4 0.01-0.08 22 32+5

PEO (110K)/DSPC-SUV | 0.1M NaNO; | 0.001 - 0.0008 70 30+2

Table 1. Summary of sliding friction coefficient (x), maximum pressure and “hard “wall” final
separation distance for different adsorbed liposomes on PEO layer. In all cases the DSPC-SUVs
were made in either water or salt solutions, corresponding to the medium in which force
measurements were made.
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Conclusions:

In summary, the main finding of this work concern how PC lipids, which have an important role in
biological lubrication processes,® interact as lubricants with poly(ethylene oxide), an important
polymer widely used in biological studies and in biomedical devices. We examined, in detail, how
different PC-liposomes (DSPC-SUVs or DMPC-SUVs) prepared under water or under
physiological-level salt concentration act as lubricating agents when complexed with adsorbed
PEO. DMPC-SUVs, whose main transition temperature is lower than the room temperature of the
measurements, rupture to form bilayers on PEO in water and provide poor lubrication due likely to
the lower robustness of the bilayers, as discussed earlier for adsorption of these lipids on bare mica.’
DSPC-SUVs complex as intact liposomes with the adsorbed PEO. These provide good lubrication
across water, but across physiological level potassium salt (0.1M KNOs3) large frictional dissipation
is seen, and attributed to bridging by the adsorbed PEO layers. When replacing the potassium salt
by 0.1M NaNOs, the friction coefficient again becomes very low, by some two orders of magnitude.
This is attributed to suppression of PEO bridging across the sodium salt solution, in line with earlier
work*® indicating non-adsorbance of PEO on mica from sodium salt solution, and is a remarkable
example where differences between the ligation properties of K and Na* ions lead to large effects
on lubrication. These insights may have practical implications wherever lubrication in physiological

salt concentration is at a premium.
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