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Insight into the hydration friction of lipid bilayers¥

Xiaoxue Qin,® Mingdong Dong 2 ** and Qiang Li 2 *®

Hydration layers formed on charged sites play crucial roles in many hydration lubrication systems in
aqueous media. However, the underlying molecular mechanism is not well understood. Herein, we
explored the hydration friction of lipid bilayers with different charged headgroups at the nanoscale
through a combination of frequency-modulation atomic force microscopy and friction force microscopy.
The nanoscale friction experiments showed that the hydration friction coefficient and frictional energy
dissipation of a cationic lipid (DPTAP) were much lower than those of zwitterionic (DPPE) and anionic
(DPPG) lipids. The hydration layer probing at the surfaces of different lipid bilayers clearly revealed the
relationship between the charged lipid headgroups and hydration layer structures. Our detailed analysis
demonstrated that the cationic lipid had the largest hydration force in comparison with zwitterionic and
anionic lipids. These friction and hydration force results indicated that the difference of the lipid head-
group charge resulted in different hydration strengths which led to the difference of hydration friction
behaviors. The findings in this study provide molecular insights into the hydration friction of lipid bilayers,
which has potential implications for the development of efficient hydration lubrication systems with
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Introduction

Ultralow friction in aqueous media has received extensive
research attention due to their relevance to many aqueous
boundary lubrication systems and biological lubrication
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boundary lipid bilayers in aqueous media.

processes.' > Over the past few decades, extremely low sliding
friction in aqueous environments has been designed and
achieved through coating surfaces with surfactants, polymer
brushes or lipids.*® The mechanisms underlying this
observed extremely low sliding friction are very different from
those of the classic friction. The concept of hydration lubrica-
tion then has been proposed and invoked to explain the strik-
ing reduction of sliding friction between charged surfaces in
aqueous media.” ™ According to the hydration lubrication
mechanism, hydration layer structures formed by water mole-
cules are strongly bound to the charges they surround, and so
can withstand large normal pressures without being squeezed
out while retaining high rapid relaxation and thus respond to
shear in a fluid manner.'® However, there is little molecular-
scale understanding of this mechanism, particularly the fric-
tional energy dissipation within the subnanometer hydration
layer structures. This is because the information obtained
from the conventional techniques is not enough to establish a
relationship between the hydration layer structures and their
associated friction characteristics. Recently, frequency-modu-
lation atomic force microscopy (FM-AFM) has been success-
fully employed to investigate the hydration layer structures on
charged surfaces at atomic scale."*® In addition, friction
force microscopy (FFM) has been demonstrated to be a power-
ful technique to measure the friction with pico-Newton resolu-
tion in liquids.>**® Therefore, the combination of these two
techniques might be helpful in exploring the role of hydration
layer structures in the hydration lubrication process.

This journal is © The Royal Society of Chemistry 2024
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In recent years, many friction experiments have been
carried out on hydration lubrication systems composed of
lipids whose highly hydrated headgroups may reduce the fric-
tion.> However, most studies have been performed on the
lubrication of zwitterionic lipids such as phosphatidylcholine
lipids**" and, to a lesser extent, on the lubrication of cationic
lipids and anionic lipids. Therefore, in order to explore the
effect of surface charges on the hydration friction behaviors
and further understand the hydration lubrication mechanism
involved, this work studied the hydration friction behaviors of
three lipids with different charged headgroups (a cationic
lipid, a zwitterionic lipid and an anionic lipid) through a com-
bination of FM-AFM and FFM. On the basis of the experi-
mental results, we performed detailed analysis and discussed
the relationships among the hydration friction, headgroup
charge, and hydration structure. The results demonstrated that
the surface charge of the lipid bilayers could affect the struc-
tures of the hydration layer, giving rise to different hydration
friction behaviors. Our findings not only shed light on the role
of surface charge in hydration lubrication, but also provide
molecular insights into the origins of hydration lubrication.

Results and discussion

To explore the effect of the surface charge of lipid bilayers on
their hydration friction behaviors, three lipids, a cationic, a
zwitterionic and an anionic lipid, were selected to represent
the different charges of lipids, but with minimal variation in
other properties. The three lipids are 1,2-dipalmitoyl-3-tri-
methylammonium-propane  (DPTAP),  1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DPPG), which share a
common hydrophobic tail consisting of two alkyl chains and
all have a relatively small hydrophilic headgroup (Fig. 1a, d
and g). In aqueous media, the lipid molecules could form a
bilayer with the hydrophobic tails separated from water and
the hydrophilic headgroups adjacent to water. Lipid bilayers
supported on mica were prepared by the method of spon-
taneous vesicle fusion.*” For the anionic lipid, the cationic
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Ca®" in the incubation buffer solution promoted the adsorp-
tion by electrostatically bridging the anionic lipid and mica.*?
The as-prepared lipid bilayers were firstly characterized using
AFM in a liquid (Fig. S1f). Fig. 1b presents a typical AFM
image of DPTAP structures formed on mica, and flat island-
like plateaus were observed. The measured height of a single
DPTAP bilayer was ~4.9 nm (Fig. 1c). The same imaging pro-
cedure was applied to DPPE (Fig. 1e) and DPPG (Fig. 1h)
samples, and the heights of single bilayers were ~5.8 nm for
DPPE and ~6.3 nm for DPPG (Fig. 1f and i). These measured
heights of single lipid bilayers around 5 nm were consistent
with previous reports.**>*

The successful preparation of lipid bilayers supported on
mica allows us to study the hydration friction behaviors of
lipid bilayers with different surface charges. We first character-
ized the friction of the three lipid bilayers under different
normal loads using FFM in liquids. Fig. 2a shows the friction
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Fig. 2 (a) Friction versus normal load curves, (b) effective coefficient of
friction, (c) friction loops, and (d) frictional energy dissipation of DPTAP,
DPPE and DPPG bilayers.
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Fig. 1 (a, d and g) The molecular structures of the three lipids used in the experiments. (b, e and h) Typical AFM height images showing the lipid
bilayers formed on mica. All scale bars are 500 nm. (c, f and i) The height line profiles of lipid bilayers along the white dashed line marked on AFM
height images.
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versus normal load curves for DPTAP, DPPE and DPPG bilayers.
As indicated in Fig. 2a, for a given normal load, the DPTAP
bilayer has the lowest friction among these three lipid bilayers
and DPPG has the highest, which is in agreement with the pre-
viously reported experimental results that cationic systems
have lower friction.* Besides, the friction of all lipid bilayers
increases linearly with the increases of the normal load.
Through linearly fitting the friction as a function of the
normal load, the effective coefficient of friction (COF) for the
lipid bilayers could be obtained. As presented in Fig. 2b, the
COF of DPTAP is only ~0.04, which is much smaller than
those of the DPPE and DPPG bilayers, and also smaller than
that of bare mica (Fig. S27).

To further investigate the effect of surface charge on the
hydration friction of the lipid bilayers, we then extracted the fric-
tion loops composed of trace and retrace force signals from the
friction measurements of the three lipid bilayers (Fig. 2c and
Fig. S3f). In comparison with DPTAP and DPPE bilayers, the
difference between the trace and retrace force signals of the
DPPG bilayer is the largest, which indicates the need to overcome
greater resistance when sliding on the surface of the bilayer,
resulting in higher energy dissipation. It is worth noting that
AFM height imaging was performed before and after friction
testing to confirm that the lipid bilayer was not destroyed during
friction measurements (Fig. S4t). To quantify the differences, the
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frictional energy dissipation was calculated and is plotted in
Fig. 2d. It can be clearly seen that the energy dissipation of the
lipid bilayer follows the order DPTAP < DPPE < DPPG. This trend
of energy dissipation is consistent with the trend of friction.
Since the friction could be affected by the adhesion force
between two surfaces,”>>® the change in adhesion force was
first analyzed to explore the causes of different friction. We
quantified the adhesion force by performing adhesion
mapping which showed multiple force-distance curves. To
ensure the accuracy of the adhesion mapping results, an area
with both the lipid bilayer and mica was chosen as shown in
Fig. 3a. The adhesion mapping clearly showed that the
adhesion at the blank mica was almost the same and only
differed in the lipid bilayer area (Fig. 3b). The brighter contrast
in the adhesion map indicates higher adhesion force. As
shown in Fig. 3c and Fig. S5, the adhesion forces of DPTAP,
DPPE and DPPG bilayers obtained by statistics are 0.23 + 0.05
nN, 0.11 + 0.06 nN and 0.02 + 0.006 nN, respectively. The trend
of adhesion force is opposite to the measured friction trend.
We attempted to explain this phenomenon and the relation-
ship between adhesion and friction using the Bowden-Tabor
adhesion model. According to the Bowden-Tabor model, the
friction is an additive contribution of adhesion force (F,) and
ploughing force (Fp,). The adhesion force derives from the
shear strength of two surfaces in contact under a normal force
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Fig. 3 (a) AFM height images and (b) corresponding adhesion maps of DPTAP, DPPE and DPPG bilayers supported on mica. All scale bars are
20 nm. (c) Distribution of adhesion force measured on DPTAP, DPPE and DPPG bilayers. Inset is the typical force—distance curve between the tip

and lipid bilayer.
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Fig. 4
bilayers converted from Af curves.

and can be obtained by multiplying the shear strength () with
the area of contact (4), whereas F, results from the defor-
mation of the soft surface when the tip slides across a soft
surface. The friction force (F¢) then can be written as:

Fy=F,+Fp,=1A+F, (1)

Thus, the changes in 7z, A and F,, can cause changes in F;.
Since 7 is proportional to the measured adhesion force, r on
the DPTAP bilayer should be the largest. However, this vari-
ation could be counterbalanced or even overcompensated by a
decrease in A or Fj,. Here, we ensured the same test conditions
such as tip geometry, normal load and similar physical pro-
perties of the lipids; thus the effect of A on friction force can
be ignored. In addition, if F;, contains the force required for
the tip to slide across the hydration layer at the lipid bilayer
interface, the change in friction may also depend on the
density distribution of the interfacial water or the arrangement
of water molecules near the interface of the lipid bilayer.

Therefore, to gain more insights into the hydration friction at
the lipid interface, FM-AFM was employed to measure the quanti-
tative force profiles within the shortrange attractive interaction
regime at the interface of lipid bilayers supported on mica. In
FM-AFM, the vertical tip position was modulated by frequency in
the form of a sine wave and the tip-sample interaction force was
determined by recording the shift of the cantilever resonance fre-
quency (Af) induced by the force. For the force-distance curve
measurements, the Af values were recorded as a function of tip-
sample separation by changing the vertical position of the tip at a
constant speed. As shown in Fig. 4a-c and Fig. S6,T the Af curves
display a slow increase with oscillatory peaks, which indicate the

This journal is © The Royal Society of Chemistry 2024

Distance (nm)

Distance (nm)

(a—c) Averaged Af versus distance curves for DPTAP, DPPE and DPPG bilayers. (d—f) Force versus distance curves for DPTAP, DPPE and DPPG

existence of a repulsive long-range force and an oscillatory short-
range force. An exponential function (as marked by a red dashed
line) was used to fit the measured Af curves to obtain the short-
range force curves. In liquids, the electrostatic and van der Waals
interactions are greatly suppressed, whereas the contribution of
the hydration force becomes prominent. The Af curves were then
converted to force-distance curves through the formula proposed
by Sader and Jarvis as follows:*”
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where F and z are the interaction force and distance between
the tip and the sample, respectively, k and a are the spring
constant and amplitude of the cantilever, respectively, fi.s) is
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Fig. 5 (a) Peak hydration force and (b) relevant distance at the lipid
bilayer interface extracted from the force—distance curves.
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the resonance frequency of the cantilever, and Af is the fre-
quency shift. As shown in Fig. 4d-f, all force-distance curves
oscillate from repulsive (positive) to attractive (negative) forces
as the distance between the tip and sample gradually
decreases, and two force peaks (labelled as peak 1 and peak 2)
were observed in all three lipid bilayers. The values of the peak
hydration forces are plotted in Fig. 5a. As can be seen, the
peak force in each hydration layer follows the trend DPTAP >
DPPE > DPPG. This result reveals that the cationic lipid head-
group has a larger hydration strength compared to the zwitter-
ionic DPPE lipid and anionic DPPG lipid.

We then analyzed the distances between the peak hydration
forces from the force-distance curves. The distance, labeled as
dy, and d,, reflecting the distance of the first and second
hydration layers were extracted and are summarized in Fig. 5b
and Table S1.} It can be seen that the d, and d, of the cationic
DPTAP lipid are larger than those of the zwitterionic DPPE lipid
and anionic DPPG lipid, owing to greater hydration strength
and a larger hydrated headgroup radius. It is worth noting that
the values of d; for the DPTAP lipid and DPPE lipid are larger
than the diameter of a water molecule, which may be due to the
charge effects.?® In addition, the molecular fluctuation of the
lipids may also lead to larger spacing between hydration
layers.'® The three lipid bilayers have very similar physical pro-
perties and differ only in their headgroup charge, which indi-
cates that the sign of the charge plays an important role in the
formation of hydration layers. Therefore, it seems that the
mechanical properties and structure of the hydration layers
strongly depend on the charge of lipid headgroups, which, in
turn, affects their hydration friction properties.

Based on the friction and hydration layer testing, we further
drew a schematic illustration of the interaction between the tip
and the lipid bilayer to discuss the relationship among the
hydration friction, headgroup charge, and hydration structure
during the hydration friction process in our experiment. As
shown in Fig. 6, for all the three lipid bilayers, water molecules
near the lipid bilayers formed hydration layer structures and
were held strongly by the lipid headgroup but are nonetheless

2406 | Nanoscale, 2024, 16, 2402-2408

very fluid on experiencing shear, and so the highly hydrated
headgroup arrays of the lipid bilayers could provide efficient
lubrication. It is widely accepted that cationic ions have stron-
ger hydration strength than anionic ions.'® Therefore, the
DPTAP lipid with a positively charged headgroup could
provide considerably better lubrication than the anionic DPPG
lipid and neutral DPPE lipid due to the higher hydration
ability. In addition, the fluctuation of the lipid headgroups
could also affect the hydration structures and hydration
force.'® The small lipid headgroup of DPTAP in comparison
with the headgroups of DPPE and DPPG, which give rise to a
stable hydration structure and high hydration strength, leads
to lower hydration friction.

Conclusions

In summary, we explored the hydration friction behaviors of
lipid bilayers with different surface charges at the nanoscale
through a combination of FM-AFM and FFM. The friction
coefficient and energy dissipation of the cationic DPTAP
bilayer were found to be much lower than those of the zwitter-
ionic DPPG bilayer and anionic DPPE bilayer, while the peak
hydration force of DPTAP was larger than those of DPPG and
DPPE. Our nanoscale friction combined with hydration force
measurements revealed that the surface charge of the lipid
bilayers could affect the structure of the hydration layer which
gives rise to different hydration friction behaviors. These find-
ings provide a mighty framework for controlling and designing
hydration lubrication processes in aqueous media and hold
great promise for biological lubrication.

Experimental

Preparation of lipid bilayers

DPTAP, DPPE and DPPG in powder forms (Avanti Polar Lipids,
USA) were dissolved in chloroform to form a concentration of

This journal is © The Royal Society of Chemistry 2024
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1 mg mL~". Aliquots of lipid solution in glass vials were dried
in a vacuum desiccator overnight forming lipid thin films. The
incubation buffer solution (10 mM HEPES, 150 mM NacCl,
5 mM CacCl,, pH 7.3) was added to the vial to resuspend the
lipid films to a final concentration of 0.5 mg mL™" and the vial
was sonicated in a bath sonicator for 0.5 h at room tempera-
ture. Then, 10 pL of the vesicle solution was deposited onto a
freshly cleaved mica plate with a diameter of 15 mm. The lipid
sample was incubated for 0.5 h above the phase transition
temperature, cooled to room temperature and rinsed with the
imaging buffer solution (10 mM HEPES, 150 mM NaCl, pH
7.0). Finally, the prepared samples were preserved using
imaging buffer solution to prevent drying before AFM
measurements.

Friction measurements

The nanoscale friction measurements were carried out using
friction force microscopy mode on a Cypher ES AFM (Asylum
Research, USA). All measurements were performed in the
imaging buffer using silicon cantilevers (ECONO-ESP-Au,
Asylum Research) with a spring constant of ~0.2 N m™" and a
resonance frequency of ~13 kHz. During friction testing, the
cantilever scanning direction was perpendicular to the main
axis, and the scan size was 20 nm x 20 nm with a scan rate of
~10 Hz. The lateral spring constant of the cantilever was cali-
brated before each measurement by the non-contact thermal
noise-based method.*® External factors were kept the same to
avoid any effect on friction.

Hydration layer measurements

Hydration layer imaging was performed in frequency modu-
lation mode also on the Cypher ES AFM. Silicon cantilevers
(PPP-NCHAuD, Nanoworld) with a spring constant of ~40 N
m™" and a resonance frequency of ~145 kHz were employed.
Immediately prior to each experiment, the cantilevers were
sequentially washed with water, isopropanol, and water, and
then treated with a UV-Ozone cleaner for 1 hour to remove
organic contaminants and make the cantilevers hydrophilic.
During the hydration layer measurements, the frequency and
amplitude of z modulation were kept at 1 Hz and 5 nm,
respectively. The tip-sample interaction force was detected by
recording the shift of the cantilever resonance frequency
caused by the force. For the force-distance curve measure-
ments, the frequency shift values were recorded as a function
of tip-sample separation by changing the vertical tip position
at a constant speed. The above AFM measurements were per-
formed at room temperature (25 °C), which is below the phase
transition temperature of lipids.
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