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We report on the effect of ionic strength on the formation of supported vesicle layers of anionic
phospholipids DMPG and DMPS onto oxidized gold. Using quartz crystal microbalance with
dissipation monitoring we show that vesicle adsorption is mainly governed by NaCl
concentration, reflecting the importance of electrostatic interactions in anionic lipids, as
compared to zwitterionic DMPC. At low ionic strength, low or no adsorption is observed as a
result of vesicle-vesicle and vesicle-surface electrostatic repulsion. At high ionic strength, the
negative charges of DMPG and DMPS are screened resulting in larger adsorption and a highly
dissipative intact vesicle layer. In addition, DMPS exhibits a peculiar behavior at high ionic
strength that depends on the thermal history of the layer, displaying thermally-induced

adsorption and layer formation.

[. INTRODUCTION
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Solid-supported lipid layers are widely used model systems to mimic the cell membrane.?
They can be classified into supported lipid monolayers (LMs), supported lipid bilayers (SLBs),
or intact vesicle layers (SVLs). Owing to their large internal volume, intact SVLs are relevant
systems in immunoassay and sensor applications.*® Furthermore, the fact that they can preserve
a 3D structure when adhered to a solid substrate makes them useful in biophysical studies.®’
The fate of lipid vesicles when adsorbed onto a solid substrate is governed by vesicle-vesicle
and vesicle-substrate interactions, with van der Waals and electrostatic interactions being the
most important.80 In particular, the salt concentration or ionic strength is a key factor to
determine the type of lipid layer formed (SLB or SVL). The effect of ionic strength has been
mainly studied for zwitterionic (neutral headgroup) phospholipids on silicon dioxide and
titanium dioxide using several types of surface-sensitive techniques such as quartz crystal
microbalance with dissipation (QCM-D), atomic force microscopy (AFM) and ellipsometry.1%-
19 For neutral phospholipids adsorbed onto negatively charged SiO>, several pathways of vesicle
adsorption and layer formation have been identified in the absence and presence of sodium
chloride (NaCl) salt. In the absence of NaCl strong vesicle-surface interactions favor a fast
rupture process on the substrate. Charge screening by addition of NaCl lowers the adhesive
strength between the lipids and the surface and stabilizes intact vesicles.'315%6 In turn, the
presence of divalent cations such as Ca?* or Mg?* accelerates vesicle rupture by interacting with
the phosphate group.2°2* Despite the considerable amount of research that has been devoted to
the study of the formation and stability of SVLs, the vast majority of studies are limited to
neutral phospholipids at the liquid disordered phase onto SiO> substrates, while adsorption and
formation of SLVs composed of charged phospholipids remains poorly explored and restricted
to few mixtures of zwitterionic and anionic phospholipids on Si0;.2?

Anionic phospholipids,even though they are more present in bacterial membranes, play a

major role in eukaryotic cells imparting a negative surface charge for binding of various



peripheral membrane proteins.?® 1,2-dimyristoyl-sn-glycero-3-phospho-rac-glycerol (DMPG)
is the most abundant anionic phospholipid in prokaryotic cell membranes and displays a
peculiar thermal phase behaviour at low ionic strength.?428 Dimyristoylphosphatidylserine
(DMPS) is in turn the major anionic phospholipid in eukaryotic membranes and it is
increasingly exposed in the surface of cancer cells.?%-3!

Here we focus on anionic or negatively charged phospholipids, namely DMPG and DMPS,
onto oxidized gold. Gold is a biocompatible metal with high electrical conductivity, enhanced
surface plasmon resonance and compatibility for microfabrication, characteristics that make it
an interesting material for sensors.32 Specifically, we study the effect of NaCl concentration on
the formation and stability of DMPG and DMPS supported vesicle layers at a temperature
below their melting transition, as well as their phase behaviour, and compare them to a
zwitterionic phospholipid with the same alkyl chain length, namely 1,2 dimyristoyl-sn-glycero-
3-phosphocholine (DMPC). To this end, we have used quartz crystal microbalance with
dissipation monitoring (QCM-D), an established surface sensitive technique to characterize
vesicle adsorption kinetics and formation of SVLs or SLBs,%-2 QCM-D was recently also used

to monitor thermotropic phase transitions,33-3

. EXPERIMENTAL

A. Materials

DMPG (sodium salt), DMPS (sodium salt) and DMPC were purchased from Avanti Polar
Lipids (Alabaster, AL). Their chemical structures are depicted in Figure 1. Spectroscopic grade
chloroform (assay 99.3% stabilized with about 0.6% ethanol) was obtained from Analar
(Normapur). HEPES buffer (pH 7.4) consisting of 10 mM HEPES from Fisher Scientific (assay

99%) and NaCl from Sigma-Aldrich (assay > 99.5%) was used for hydration of the dried lipids.



The used concentrations of NaCl were 0, 10, 50, 100, 150, 300, and 500 mM. The quantities of
lipids were determined gravimetrically using a Sartorius balance yielding a maximal mole

fraction uncertainty of £ 0.002.

Au-oxide-covered Au thin film

QCM-D Quartz substrate

FIG. 1. Schematic chemical structure of the lipids studied in this work

B. Vesicle preparation

The lipid was first dissolved in spectroscopic grade chloroform and the solvent was evaporated
under a mild flow of nitrogen in a round bottomed flask. The resulting lipid film was kept under
vacuum overnight to remove residual solvent. Next, the lipid was hydrated with HEPES buffer

with a given NaCl concentration. Hydration to 2 mg/ml was carried out under continuous



stirring in a temperature-controlled water bath at sufficiently high temperature (45 °C for

DMPG and DMPC-containing systems and 55 °C for DMPS-containing systems, both around

20 °C above their respective main phase transition temperatures Tm). Small unilamellar vesicles

(SUVs) were formed by extrusion through a filter support (Avanti Polar Lipids) with a pore

size of 100 nm for 25 times. Vesicle effective sizes and polydispersities were determined by

dynamic light scattering (Zeta Pals, Brookhaven Instruments Corporation). The obtained

average diameters and polydispersities of the samples used are displayed in Table 1. The vesicle

dispersions were stored at 4 °C and used within 2 days.

Table 1. Average diameters and polydispersities of the samples under study.

Na CI (mM) d (nm) Polydispersity
DMPG
0 107 0.30
10 121 0.26
50 93 0.28
100 129 0.15
150 108 0.12
300 134 0.05
500 119 0.09
DMPS
0 121 0.28
10 116 0.24
50 121 0.21
100 131 0.20
150 126 0.25
300 219 0.22
300* 126 0.14
500 - -
500* 136 0.19
DMPC
0 118 0.03
10 122 0.03
50 125 0.05
100 119 0.04
150 123 0.06
300 134 0.06
500 134 0.09

*Measurements carried out at 50 °C



C. Quartz crystal microbalance with dissipation

Quartz crystal microbalance with dissipation monitoring (QCM-D) is an acoustic surface-
sensitive technique based on the inverse piezoelectric effect. The application of an AC voltage
over the sensor electrodes makes the piezoelectric quartz crystal oscillate at its acoustic
resonance frequency. As a consequence, a transverse acoustic wave propagates across the
crystal, reflecting back into the crystal at the surface. When the AC voltage is turned off, the
oscillation amplitude decays exponentially and the frequency (f) and the energy dissipation
factor (D) of different overtones are extracted.'® The dissipation D is the ratio between the
dissipated energy during one vibration cycle and the total kinetic and potential energy of the
crystal at that moment.

When the vesicles adsorb to an oscillating quartz crystal and eventually form an SVL, the layer
is sensed as a viscoelastic hydrogel composed of the molecules and the coupled aqueous buffer.
The adsorbed layer is described by a frequency-dependent complex shear modulus, defined

as:37

G = G'+iG"=y, +2mifyy, =y (1+27i y ) )

where G’ and G”* stand for energy storage and dissipation, respectively, f is the oscillation
frequency, u« is the elastic shear storage modulus, 7 is the shear viscosity, and y = s/ rr, is the
relaxation time of the layer.

For our measurements, we have used QCM-D on a Q-sense E4 instrument (Gothenborg,
Sweden) monitoring the frequency and dissipation changes, Af and AD. Q-sense E4 also
enables heating or cooling temperature scans from 15 °C to 50 °C. AT-cut quartz crystals with
Au coating (diameter 14 mm, thickness 0.3 mm, surface roughness 3 nm and resonant frequency
4.95 MHz) were used. The Au-coated quartz sensors were cleaned with a 5:1:1 mixture of Milli-
Q water (conductivity of 0.055 S cm at 25 °C), ammonia and hydrogen peroxide, and were

UV-ozone treated with a Digital PSD series UV-0zone system from Novascan for 15 min,



followed by rinsing in milli-Q water and drying with N2. The changes in Af/n and in AD were
monitored at five different overtones (from 3™ to 11™, the fundamental frequency is rather
unstable since this is the one that reaches the farthest out to the edge of the sensor and may be
therefore affected by the O-ring). First, a baseline with pure HEPES buffer was established and
afterwards lipid vesicles were injected over the sensor chip with a flow rate of 50 pl/min. After
20 minutes the pump was switched off. Subsequent temperature scans with alternating heating
and cooling were performed at rates of 0.2 °C/min and 0.4 °C/min, maintaining 60 minutes of
stabilization between successive ramps. The temperature stability at constant temperature was

+0.02 °C.

[ll. RESULTS AND DISCUSSION

A. Vesicle adsorption and intact layer formation

Vesicle adsorption and layer formation was carried out at 16 °C, well below the melting
temperature for all the studied systems. Typically for QCM-D analysis, SVL formation is
characterized by decreasing Af/n and increasing AD responses reaching large plateau values
with non-overlapping overtones.*® Figure 2 shows a comparison of Af/n and AD responses in
the absence and presence of salt at physiological conditions of 150 mM NacCl, respectively. In
the absence of salt, the kinetics of adsorption is slower than at 150 mM NaCl and the layer
formed displays smaller Af/n and AD values for all three phospholipids. DMPC forms a stable
SVL both in the absence and presence of salt, while the anionic phospholipids DMPG and
DMPS display very small or no adsorption. For DMPS, Af/n and AD responses do not deviate

from zero values during the time frame of the experiment, indicating that no DMPS vesicle



adsorption takes place. This can be understood owing to their negative charge, vesicle-vesicle
and vesicle surface repulsion inhibit adsorption and layer formation. At 150 mM NaCl, surface

potentials are screened and the formation of an SVL in both cases can be observed.
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FIG 2. Time evolution of Af/n (solid lines) and AD (dashed lines) during a QCM-D experiment
of vesicle adsorption at 16 °C on oxidized Au-coated quartz sensors. Black, red, blue, green

and pink color correspond to the 39, 5t 7t gt and 11 overtones, respectively.

A complete view of the ionic strength dependence of vesicle adsorption and layer formation is
included in Figure 3, which depicts the Af/n and AD plateau values of overtone 7 versus the
concentration of NaCl for all three systems. For DMPC two regimes can be observed, at low
salt concentrations (up to 100 mM NaCl), the amount of DMPC adsorbed vesicles increases

rapidly with increasing salt concentration (Af/n gets larger in absolute value) and the SVL



becomes more dissipative. From 100 mM NaCl onwards, Af/n and AD plateau values remain
rather stable showing almost no ionic strength dependence. In the case of DMPG, Af/n and AD
show a linear increase with ionic strength in the whole salt concentration range. However, the
change is more gradual than in DMPC, getting almost identical Af/n and AD values for 300 mM
and 500 mM NacCl, where the negative charge of DMPG is shielded by the presence of salt. At
low salt concentration, DMPS shows a similar trend to DMPG until 300 mM NaCl, where a
sudden change in trend is observed. Interestingly, this coincides with an increase in size as
determined by DLS measurements at 25 °C. In fact, we observed that at those concentrations
DMPS lipids tend to aggregate at room temperature yielding unstable vesicle dispersions. This
might be related to the larger tendency of DMPS to cluster as compared to DMPG or DMPC,
as recently revealed by molecular dynamics simulations.® Conversely, DLS measurements at
50 °C for 300 mM and 500 mM NaCl yield smaller sizes with lower polydispersity. As we shall
see later, when performing temperature ramps, vesicle adsorption after an incubation at 50 °C
yields large Af/n and AD values indicating the presence of a thermally induced effect that
promotes adsorption. Specifically, the AD values of DMPS layers at 300 mM and 500 mM
NaCl are significantly larger than the ones observed for DMPG or DMPC layer consisting of
vesicles of larger size. N\/hen a vesicle layer is formed, whether it will stay intact or rather fuse
to an SLB is governed by the balance between cost in curvature energy and gain in adhesion
energy of the liposome to the surface. [The introduction of the PS headgroup in the liposomes
instead of the PG headgroup might affect this balance such that the gain in adhesion energy is
not large enough to induce rupture or in our case a truncated liposome layer yielding very
dissipative SVLs, as observed for liposomes adsorbed on SiO2.22 Complementary AD-Af/n plots
during the time that vesicle adsorption takes place are shown in Figure 1 of the Supplementary
Information. It is worth mentioning that unlike for SiO2 surfaces, no significant vesicle rupture

event is observed under the tested experimental conditions.
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FIG. 3. Plateau values of the 7t overtone for (a) Af/n and (b) AD 5 hours after vesicle exposure
at 16 °C for different concentrations of NaCl. Open blue circles refer to DMPG, open red
triangles to DMPS and open green squares to DMPC. Closed red triangles denote DMPS

vesicles incubated at 50 °C for 1 h.

B. Phase behavior

Once a stable layer was formed successive heating and cooling runs were performed at rates of
0.2 °C/min and 0.4 °C/min. Figure 4 shows an example of the overall experiment for 300 mM
of all three lipid systems under study. Close to the main phase transition temperature both
frequency and the dissipation responses deviate from the regular expected for sensors only
exposed to buffer. Such anomalies reveal that structural changes are taking place and constitute
a fingerprint of thermotropic phase transitions. 323335 DMPC and DMPG behave in a similar
way, after the first and second heating and cooling cycles both Af/n and AD responses return
back to their original SVL plateau values, indicating that the number of vesicles forming the
SVL remains intact. Conversely, DMPS exhibits an anomalous response during the first heating
scan. With increasing temperature Af/n initially increases until around 25 °C, where Af/n
exhibits a sudden and steep decrease (mass increase) reaching a minimum and increasing back
with increasing temperature. After the subsequent cooling run, the Af/n and AD plateau values
at 16 °C are much larger (in absolute value) than the original ones, indicating an increase in the

amount of vesicles adsorbed and the dissipation of the layer. During the second thermal cycle



at 0.4 °C/min after one hour incubation at 50 °C, the anomaly disappears and the melting
transition becomes less evident. Such a peculiar behaviour is reproducible and takes place for
high NaCl concentrations (see Figure 3a in the supplementary material). In a recent study,
Svedhem et al. observed a peculiar behavior in the frequency and dissipation responses of
DPPC vesicles. During a first heating run, Af/n initially decreased and later experimented a
sudden and steep increase. The observed changes were ascribed to a phase transition-induced
vesicle rupture.®® In our case, we observe the opposite effect, a temperature-induced vesicle
adsorption takes place and we relate it to the fact that DMPS displays the highest Na* binding
affinity of all the three phospholipids, as a result of the strong ion binding by the carboxylate
group. Such an affinity might affect lipid solubility which is temperature sensitive, thus yielding
a peculiar adsorption behaviour.

For the sake of comparison, we have included the Af/n and AD time responses during the
subsequent heating and cooling runs for DMPS in 100 mM NaCl (see Figure 4e). Unlike higher
concentrations 300 mM and 500 mM NaCl, the Af/n and AD plateau values remain rather
constant denoting no significant mass adsorption nor layer dissipation upon a temperature

change.
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FIG. 4. (a) Temperature vs time. (b)-(d) 7" overtone Af/n (blue solid line) and AD (blue dashed
line) vs time for DMPG, DMPC and DMPS vesicle layers exposed to HEPES buffer containing
300 mM NaCl and (e) DMPS vesicle layers exposed to HEPES buffer containing 100 mM
NaCl.



As above mentioned, the signature of the main phase transition or melting is characterized by
an anomalous behavior in the frequency and dissipation shift responses. A useful way of
looking at the phase transition behavior is to plot the temperature derivative of the frequency
curves making determination of the onset and completion temperatures more straightforward. 36
Figure 4a shows an example of Af and its temperature derivative (dAf/n)/dT for DMPG and
DMPC with 300 mM NaCl upon heating at 0.2 °C/min. The jump in Af/n corresponds to a
maximum in the (dAf/n)/dT curve. Both DMPG and DMPC behave in the same way at high
ionic strength showing a narrow, highly cooperative main transition at around 24 °C, in
agreement with previous calorimetric measurements.?54° Upon cooling, similar peaks are
observed with a slight degree of hysteresis ( ~ 0.7 °C), which increases with the rate of 0.4
°C/min (see Figure 2 in the supplementary information). Figure 5b in turn shows a comparison
of the thermal responses for DMPS vesicles with 300 mM NaCl buffer incubated for five hours
at 16 °C and for one hour at 50 °C. Both systems show the melting transition at the expected
temperature range (~ 37 °C),*! while for the system incubated at low temperature an additional
feature arises. This feature is irreversible and does not take place during the second heating run.
For 500 mM NacCl, the feature takes place at even higher temperatures (see Figure 3 in the

supplementary material).
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FIG. 5. (a) Temperature dependence of the first-order derivative of the frequency shift of a
DMPC layer (black solid line) and DMPS layer (orange solid line) in 500 mM NaCl upon
heating at 0.2 °C/min. (b) Temperature dependence upon heating of the first-order derivative
of the frequency shift of a DMPS layer incubated at 16 °C (blue solid line) and at 50 °C (red

solid line).

Figure 6 shows an overview of the temperature derivative d(Af/n)/dT for all three phospholipids
at all the studied salt concentrations upon heating at 0.2 °C/min. For coherence, heating runs
DMPS at 300 mM and 500 mM NacCl at 0.4 °C/min which display a single transition have been
included in Figure 6. At low NaCl concentration DMPG and DMPS show very small or no
adsorption at all, thus it is not possible to detect anomalies in the frequency response that
account the influence of salt at those low concentrations. In turn, the zwitterionic DMPC shows

a rather independent phase behaviour on ionic strength, the transition temperature (peak



maximum) is slightly shifted to higher temperatures at higher salt concentration, while the width
of the transition and the size of the peak hardly change. With increasing salt concentration,
intact vesicle layers of DMPG and DMPS are formed displaying maxima in the vicinity of their
expected respective melting temperatures. For DMPG the amount of vesicles adsorbed
increases gradually with increasing salt, this fact being reflected in the increasing size of the
peak. At the highest concentration the peak is slightly shifted to higher temperatures. DMPS
shows a similar pattern, however the transition temperature is significantly more shifted
upwards, in agreement with calorimetric and electron spin resonance measurements.*243 At pH
7.4, the DMPS headgroup displays a negative charge and the melting transition temperature
increases with increasing salt concentration. Such a salt-induced increase is consistent with the

Gouy-Chapman diffuse double-layer theory.*
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FIG. 6. Temperature profiles of the first-order temperature derivative of the frequency shifts
upon heating at 0.2 °C/min. For clarity, the curves have been vertically shifted a constant
amount from low to high NaCl concentration. Black, red, blue, dark cyan, pink, dark yellow
and violet refer to systems in buffer with 0 mM, 10 mM, 50 mM, 100 mM, 150 mM, 300 mM,
and 500 mM NacCl, respectively. For DMPS, the profiles for 300 mM, and 500 mM NaCl

correspond to transitions in vesicle layers formed after incubation at 50 °C.

IV.SUMMARY AND CONCLUSIONS

We have monitored vesicle adsorption and subsequent layer formation of anionic lipids DMPG
and DMPS and their thermotropic phase behavior by varying the ionic strength of the buffer
solution. DMPG adsorption displays a clear trend on NaCl concentration, reflected in the linear
increase of Af/n and AD plateau values upon increasing salt concentration. At high ionic
strength, DMPG reaches the same Af/n and AD values as its zwitterionic counterpart DMPC,
as a consequence of the PG headgroup charge screening at high ionic strength. In addition, both
lipids display a similar melting profile at high ionic strength, as determined from the maxima
in their temperature first-order derivative of the frequency shift. DMPS exhibits a peculiar
vesicle adsorption that depends on the thermal history of the sample. In the absence of NaCl,
electrostatic repulsion inhibits the adsorption of (slightly negatively charged) vesicles onto the
(slightly negatively charged) oxidized gold. At intermediate ionic strengths it follows a similar

behavior as DMPG, while at high ionic strength adsorption is thermally-induced, being



triggered at high temperature and precluded at low temperature, where vesicles display large
average sizes. When supported vesicle layers of DMPS are formed at high temperature the
expected melting transition is observed, its temperature shifting upwards with increasing ionic
strength. This is most likely due to the increased screening of the charge on the phospholipid
by the salt, which renders the phospholipid less soluble.

In summary, our study reflects the importance of the solution ionic strength on vesicle layer
formation and stability as well as on structural transitions of negatively charged phospholipids
to oxidized gold surfaces. Specifically, it shows how adsorption can be thermally activated for
PS group at high ionic strengths. in biological studies or in applications such as biosensors or
membrane protein microarrays can be taken as an example of how to tune and explore adhesion

of charged phospholipids also on more complex surfaces. Sensors, protein
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