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Abstract

The role of the polyanion on the formation of lipid bilayers on top of polyelectrolyte multilayers
(PEMs) with poly(allylamine hydrochloride) (PAH) as top layer is studied for the deposition of
vesicles of mixed lipid composition, 50:50 molar ratio of the zwitterionic 1,2-Dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and negatively charged 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS). PEMs are assembled with poly(sodiumstyrene sulfonate) (PSS), poly(acrylic
acid) (PAA) and alginic acid sodium salt (Alg) as polyanions. The assembly of the vesicles on
the PEMs is followed by means of the Quartz Crystal Microbalance with Dissipation (QCMD).
Fluorescence Recovery after Photobleaching (FRAP) measurements are applied to evaluate
bilayer formation. While a bilayer is formed on top of PAH/PSS multilayers, the vesicles are
adsorbed on top of PAH/Alg and PAH/PAA multilayers, remaining unruptured or only partially
fused. The influence of the surface composition of the PEMs vs bulk properties is analyzed.
Phosphate ions present in phosphate buffered saline (PBS) play a fundamental role in bilayer
formation on top of PAH/PSS as they complex to the PAH and render the surface potential close
to zero. For PAH/PAA and PAH/Alg PBS renders the surface negative. X-Ray Photoelectron
Spectroscopy show that the dibasic phosphate ions from PBS complex preferentially to PAH in
PAH/PAA and PAH/Alg multilayers while monobasic phosphates complex to PAH in PAH/PSS.
An explanation for the absence of bilayer formation on PAH/PAA and PAH/Alg is given based

on the different affinity of phosphate ions for PAH in combination with the different polyanions.
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Introduction

Supported lipid bilayers have been extensively studied as model membranes in biophysical
studies or as part of sensors and in biotechnology' . A diversity of solid materials such as silica,
titania, mica etc”™ ' have been employed as bilayer supports. Comparatively, significantly less
work has been performed on soft interfaces as supports for lipid bilayers. Lipid bilayers
deposited on a soft polymer cushion such as polyelectrolyte multilayer (PEM) films are of
particular interest since in nature, cellular membranes are supported by a soft cushion of proteins

and carbohydrates'"'*"

. PEMs are especially interesting as supports due to their simple and
step-forward assembly based on the alternating deposition of oppositely charged
polyelectrolytes, mainly triggered by electrostatic interactions'*'*. Although some studies have
been conducted on the assembly of lipid bilayers on top of PEMs, there is still a lack of
knowledge over the complete mechanism of bilayer formation. In most of the reported works,
lipid assembly on top of PEMs results in non-fused vesicles, incomplete membranes or in
membranes with large defects (pores)“. Fischlechner et al. have shown bilayer assembly on top
of 11 layers of polyallylamine hydrochloride (PAH) and polystyrene sulfonate (PSS) from
vesicles of mixed lipid composition, 50:50 molar ratio of the zwitterionic phosphatidylcholine
(DOPC) and negatively charged phosphatidylserine (DOPS)'®. Moreover, the authors showed
that the mechanism followed for the formation of the bilayer is based on the adsorption of
vesicles onto the PEM surface, their subsequent rupture and fusion to finally form a complete
and stable bilayer. Other lipid mixtures can be used as long as there is a proper balance of
negatively charged and zwitterionic lipids. We have shown bilayer formation from DOPC and
DOPS vesicles containing charged lipids from 50 to 70 % molar ratios '”. When more than 70 %
or less than 50 % of charged lipids were used no bilayer was obtained'’. The presence of charged
lipids is fundamental as they interact strongly with the amines of PAH leading to vesicle rupture
and fusion. However, for vesicles with higher amount of charged lipids, the interaction with
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rearrange on the surface of the PEMs; thus the presence of zwitterionic lipids is also important as
these can rearrange and cover free space on the PEMs, which is necessary for fusion.

We have also shown that the formation of a bilayer is therefore associated with hydrogen
bonding interactions between the lipids and PAH with some additional attractive electrostatic
interactions'’. In case of pure DOPC lipids, the choline group, which is positively charged,
exercises a certain repulsion to the amine groups of PAH, which is against the lipid assembly.
There must be some electrostatic contribution that favors the deposition from bulk. However this
should not be strong, otherwise vesicles will rapidly cover the surface and there will not be
enough free space for them to rearrange, fuse and form a bilayer, remaining adsorbed or as
partially fused vesicles on the PEMs'®. Such a condition is possible using PBS buffer but not
with NaCl at a same ionic strength. At NaCl concentration of 150 mM, the vesicles adsorb to the
PEM surface without forming a bilayerlg. The reason why a bilayer is formed on top of
PAH/PSS multilayers in PBS depends on the strong complexation of the phosphate ions in PBS
to the primary amine groups of PAH, which leads to an overcompensation of the surface charge.
Particles coated with PAH/PSS multilayers in PBS show a zeta potential of around zero.

The presence of primary amines with a strong interaction with phosphate groups seems to be the
key point in the formation of bilayers on top of PAH/PSS. PAH can be assembled with other
polyanions to form polyelectrolyte multilayers, e.g., polyacrylic acid (PAA) or alginic acid
sodium salt (Alg). We decided to study the bilayer formation on PEMs with PAH as top layers
but with PAA or Alg as polyanions. Despite the last layer was the same as for PAH/PSS
multilayers, to our surprise we were did not obtain a bilayer using the same conditions that
render the formation of a bilayer on top of PAH/PSS. PEMs properties are a result of the
properties and interactions of both polycations and polyanions that form the multilayer. It is
likely that PSS interacts differently with PAH from PAA and Alg and as a consequence, the

interaction of the amine groups of PAH with the phospholipids is also affected. PAA and Alg are
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weak polyelectrolytes, whose charge is influenced by the pH and thus by the interaction with
PAH while PSS is a strong polyelectrolyte, with a pK of 1.

The aim of this work is to study in more detail the impact of polyanion variations on PEMs with
PAH as top layer and thus on the formation of a lipid bilayer. Quartz crystal microbalance with
dissipation (QCM-D) and fluorescence recovery after photobleaching (FRAP) measurements are
applied to evaluate the bilayer formation from 50:50 molar ratio DOPC:DOPS vesicles hydrated
with PBS on PAH/PAA and PAH/Alg multilayers. X-ray photoelectron spectroscopy (XPS) and
zeta potential measurements are applied to characterize the interaction of amine groups of PAH

with the phosphate ions in PBS.

Experimental Methods

Materials. Poly(allylamine hydrochloride), (PAH, Mw 15 kDa), poly(styrene sulfonate sodium
salt), (PSS, Mw 70 kDa), Alginic acid sodium salt (Alg, Mw 10 — 600 kDa), poly(acrylic acid)
solution in water 35 wt % (PAA, Mw 100 kDa), phosphate buffered saline (PBS), sodium
chloride (NaCl) and chloroform anhydrous (> 99%) were obtained from Sigma-Aldrich. The
phospholipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 10 mg/ml in chloroform), 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, sodium salt, 10 mg/ml in chloroform), chain-
labeled 18:1-12:0 NBD-PC and 18:1-12:0 NBD-PS were purchased from Avanti Polar Lipids,

Inc. Ethanol absolute (99,9 % HPLC) was obtained from Scharlau S.A.

Methods
Preparation of Vesicles. Small unilamellar vesicles (SUVs) were obtained by mixing negatively
charged and zwitterionic phospholipids, DOPS and DOPC, respectively, at a 50:50 molar ratio

from their stock solutions in chloroform (10 mg ml™) to a final concentration of 0.5 mg ml™. The

mixture was dehydrated with an ff%énp Strdafy ﬁ%iﬁgvdr&q@ﬁﬁid film and incubated under
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vacuum afterwards for at least 1 hour to remove any remaining solvent. The lipid film was then
rapidly hydrated with PBS 10 mM (pH 7.4) forming multilamellar vesicles, which resulted in
SUVs of 100 nm sizes after extrusion through a 50 nm polycarbonate membrane. For FRAP
experiments, 1 % of fluorescently labelled NBDPC:NBDPS lipids at 0.5:0.5 molar ratio was

added to the initial lipid mixture.

QCM-D Measurements. QCM-D measurements were conducted with an E4 QCM-D at 23 °C
employing SiO; coated (50 nm) quartz crystals (5 MHz) from Q-Sense. Initially the crystal was
exposed to Milli-Q water for 10 min, for another 10 min to 0.5 M NaCl and then 11 layers of PEs
were assembled in acetate buffer with 0.2 M NaCl (pH 5.6) at 1 mg ml™ in the QCM-D chamber.
For each layer deposition, PE solutions were flowing in the chamber for 10 — 20 min until stable
values for the frequency were reached. Every deposited layer was then rinsed with the buffer.
The last deposited layer was always PAH. When the PEM was completed, the chamber was
rinsed with PBS. Then, the dispersion of SUVs in PBS (0.1 mg ml™") was injected into the
chamber and flowed through the chamber for 10 min, until a stable frequency value was reached.
Surplus or non-adsorbed vesicles were removed by rinsing with the buffer solution without

SUVs for another 10 — 15 min.

FRAP Measurements. FRAP measurements were performed with a Zeiss LSM 510 confocal
laser scanning microscope. For the measurements, PEMs and SUVs were assembled on top of
glass (Si0,) surfaces of 24 mm diameter by dipping, employing the same times for the assembly
steps as for the QCM-D experiments. For FRAP measurements, vesicles with a 50:50 molar
composition DOPC:DOPS were labelled, including a 0.5 % of labelled DOPC and a 0.5 % of
labelled DOPS. We included both labelled DOPC and DOPS to have more realistic values for
the diffusion, averaging the diffusion of DOPC and DOPS, which can be quite different on the
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FRAP measurements were performed as described by Axelrod et al.'’, Soumpasis et al.”” and
Lopez et al.*' who developed a simple method based on theoretical and practical guidelines for
the performance of FRAP measurements and for the analysis of the obtained data in order to
extract mobile lipid fractions and diffusion coefficients. First, a round spot of 22 um diameter
was photobleached with an Argon laser during 5 s while at the same time a non—bleached spot of
the same size was taken into account as a reference.

For the theoretical analysis of the experimental data, the fluorescence recovery is defined as

_F()—F(0) (Eq.1)

fO=Fo—F@

where F(t) is the fluorescence recovery in the bleached area after photobleaching at time ¢,
F(0)is the fluorescence intensity in the bleached area at t = 0 after photobleaching and F (i) is
the normalized fluorescence intensity in the non-bleached spot. By applying this equation, the
fluorescence intensity drift of the whole sample due to the photobleaching during the scanning

process is normalized. For the calculation of D, a fitting of f(t) is required:
f(t) =exp (—2 T_D) [10 (2 T_D) —1 (2 T_D)] (Equation 2)
t t t

I, and I;are modified Bessel functions, 7j, is the characteristic diffusion time calculated from

w? (Equation 3)

where D is the diffusion coefficient and w is the radius of the bleached area at zero time. Finally,

the mobile fraction is calculated using the Eq. 14.

_ [F() —F(0)] (Equation 4)
~ [F(i) — F(0)]
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XPS Measurements. XPS experiments were performed in a SPECS Sage HR 100 spectrometer
with a non-monochromatic X-ray source (Aluminum Ka line of 1486.6 eV energy and 300 W),
placed perpendicular to the analyzer axis and calibrated using the 3ds, line of Ag with a full
width at half maximum (FWHM) of 1.1eV. The selected resolution for the spectra was 10 eV of
Pass Energy and 0.15 eV/step. All measurements were made in an ultra-high vacuum (UHV)
chamber at a pressure around 5-10™ mbar. An electron flood gun was used to neutralize for

charging.

For the fitting of the P 2p spectra, Gaussian-Lorentzian functions were used (after a Shirley
background correction) where the FWHM of all the peaks were constrained while the peak

positions and areas were set free.

C-Potential Measurements. - potential measurements were conducted with a Zetasizer
(Malvern, UK) in a disposable folded capillary cell at 23 °C and a cell drive voltage of 40 V. All
parameters were set in automatic mode. PEMs of PAH/PSS, PAH/Alg and PAH/PAA were
assembled on top of 1 um SiO; particles. SiO, particles, 1 mg ml™', were initially suspended in
acetate buffer with 0.2 M NaCl. Then, the particles were incubated at the respective
polyelectrolyte solution (I mg ml™ in acetate buffer with 0.2 M NaCl, pH 5.6) for 15 min. The
procedure was repeated for every layer deposition for the assembly of 11 layers. In between
polyelectrolyte depositions, three washing steps with the acetate buffer (pH 5.6) were performed
via centrifugation. After the last washing step, samples were dispersed in different solutions;
H,0O, NaCl 10 mM, NaCl 150 mM, PBS 10 mM, Na,HPO, 10 mM or KH,PO, 2 mM and were
kept shaking for 5 min. Finally, each sample was washed 3 times with the same solutions and
their surface charge was characterized. Standard deviation errors were taken out of 3 repetition

measurements for each sample.
ACS Paragon Plus Environment
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Results and Discussion

The assembly of a lipid bilayer on top of PEMs that have PAH as top layer was studied by
depositing SUVs of DOPC:DOPS in a 50:50 molar composition, hydrated in PBS 10 mM.

In Figure 1a we show the assembly of SUVs on top of (PAH/PSS)s s that results in the formation
of a bilayer. This can be concluded from the changes in frequency and dissipation, which are
characteristic of a bilayer formation'®'”**. An initial decrease in frequency is observed during
vesicle adsorption, followed by a rapid increase as a consequence of the rupture of the vesicles
that liberated the entrapped solution and finally the frequency reached a plateau when the
ruptured vesicles were fused forming a bilayer. Dissipation curves can be described in a similar
way. Dissipation increased when the vesicles were assembled onto the PEMs as vesicles are soft
and their lipid membranes can bend and oscillate while they are deposited on the PEMs. As the
vesicles rupture and start to fuse, dissipation decreased to finally reach a plateau when the fusion
is completed. The fused bilayer is in a more solid like configuration and is less dissipative than
in the case of the non-ruptured vesicles™. The total frequency shift and dissipation variation for
the bilayer were Af =27 Hz and AD = 0.3 x 10 dissipation units, respectively. In Figure 1b we
can observe the frequency and dissipation changes following the deposition of DOPC:DOPS
SUVs on top of (PAH/Alg)s s. Although frequency and dissipation curves follow a similar trend
to the one obtained when a bilayer is formed, we cannot claim the formation of one as the total
frequency shift is Af= 70 Hz while was AD = 11 x 10°. The QCM-D plot suggests a strong
interaction between the SUVs and PEM surface as the frequency decreased immediately to 80
Hz after SUVs deposition, and then increased again 10 Hz, which hints at partial rupture of the
vesicles. Despite the vesicle rupture hinted by the decrease in frequency, followed by an
increase, the total frequency difference is significantly larger than that expected for a bilayer
formation, indicating that the lipid vesicles remain as such, at least partially, on the PEM
surface. Substitution of the negatively charged polyelectrolyte with PAA resulted in a similar
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changed 3 x 10 units, suggesting that the deposited vesicles have a more restricted mobility
than in the case of (PAH/Alg)s s where dissipation was higher following vesicles adsorption.
FRAP measurements were conducted on fluorescently labelled SUVs deposited on top of
(PAH/PSS)s 5. FRAP measurements confirmed the lipid bilayer formation in agreement with
QCM-D measurements (Figure 2a). The recovery was complete after 2.93 min as it can be
distinguished by the respective recovery plot in Figure 2a and the diffusion coefficient
calculated from the fitting of the experimental data to Equation 2, which was 9.2 x 10 cm” s™.
This value is in accordance with diffusion coefficient values reported for lipid bilayers®**.
Diffusion coefficient and mobile fraction values are listed in Table 1.

In the case of (PAH/Alg)s s, the recovery of fluorescence was not complete as is illustrated in
Figure 2b. The diffusion coefficient was low; D = 0.36 x 10 cm” s™' confirming that the
vesicles were not fully fused as was hinted from the QCM. FRAP experiments on SUVss
deposited on (PAH/PAA)s s (Figure 2¢) revealed the formation of bilayer patches with different
fluorescence intensity (Figure 3). When regions with lower fluorescence intensity were
photobleached, no recovery was observed. The lack of recovery can be explained as the result of
the presence of SUVs that did not rupture and they remained adsorbed on the PEMs. As the
vesicles are not interconnected the bleached lipids cannot be exchanged by non-bleached lipids.
When the higher fluorescence intensity region was photobleached, a fluorescence recovery was
observed afterwards; however, the recovery was not complete (M = ~ 0.89) and the diffusion
coefficient (Table 1) was lower than for the bilayer formed on (PAH/PSS)s 5, suggesting as well,
partially fused SUVs. We can conclude from the FRAP experiments that SUVs are only partially
fused on PAH/PAA PEMs in agreement with QCM-D data.

The absence of the formation of a complete bilayer on PAH/Alg or PAH/PAA, despite PAH is in
all cases the last layer, can be due to either a different interaction of the PAH with the
phospholipids when the underlying polyanion is not PSS or to the different properties of the

ACS Paragon Plus Environment
films, i.e., different mechanical properties. PEMs made upon PAH/PSS are very stiff with an



Page 11 of 25

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

elasticity modulus of around 500 MPa, while the other PEMs must have an elasticity modulus of
the order of hundreds of kPa. Both possible scenarios are a consequence of the different
interaction of the polyanions with PAH*®*".

To evaluate the role of the surface chemistry of the top layers in bilayer formation, PAH/PSS
PEMs were prepared with 1 or 2 layers of Alg or PAA deposited on top. The idea behind these
experiments was to fabricate PEMs with the bulk characteristics of PAH/PSS, with different
surface chemistry by introducing Alg or PAA on their surface. To this regard the following
PEMs were assembled: (PAH/PSS),s(PAH/Alg), (PAH/PSS); s(PAH/Alg),,
(PAH/PSS)45(PAH/PAA), (PAH/PSS); s(PAH/Alg),. The reversal situation was also explored
and PEMs with PAH/PSS on top of PAH/Alg and PAH/PAA were prepared with the following
compositions: (PAH/Alg)s s(PAH/PSS), (PAH/Alg); s(PAH/PSS),, (PAH/PAA)4s(PAH/PSS),
(PAH/Alg); s(PAH/PSS),. In these cases the mechanical properties of the PEMs should be those
of PAH/PAA or PAH/Alg but the surface chemistry of that of PAH/PSS.

When SUVs were assembled on top of (PAH/PSS)4s(PAH/Alg) (Figure 4a), the frequency
decreased as a consequence of the adsorption of the vesicles, then increased, indicating rupture
of the vesicles, and finally remained stable suggesting the formation of a bilayer. Although the
total frequency shift was 37 Hz, higher than that expected for a bilayer, the frequency and
dissipation trend is typical of a bilayer’*, while after rinsing with the buffer or water, the
frequency hardly changed, indicating the presence of a continuous and stable membrane. On the
contrary, when SUVs were deposited onto the same film, with the last 2 Alg polyanion layers,
(Figure 4b), the frequency showed rupture of vesicles. However, after rupture, there was a
further decrease in frequency, resulting in a total shift of Af=49 Hz. This trend, together with
the changes that occurred in frequency and dissipation during the final rinsing steps was similar
to that obtained for the (PAH/Alg)s s film, where there was a partial rupture of the vesicles. In
the case of (PAH/PSS),s(PAH/PAA), Figure Sa, the difference of frequency was Af= 100 Hz
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(PAH/Alg)s s(PAH/PSS) is shown where frequency and dissipation curves indicated rupture and
the formation of a bilayer (Af'= 37 Hz). The frequency slightly decreased after rupture and then
remained stable for more than 30 min, and, after rinsing with NaCl and water, decreased another
10 Hz with the dissipation increasing slightly to 1 x 10°® units. This could be interpreted as
partial fusion of the SUVs which are swelling when the ionic strength is decreased. In the case of
(PAH/Alg); s(PAH/PSS), (Figure 6b), no bilayer formation is observed. The difference in
frequency is 40 Hz and, although there is no hint of rupture in the frequency changes, the
dissipation showed a jump right after the SUV's deposition that could be related to the liberation
of enclosed water, and thus to partial rupture of the vesicles.

The deposition of SUVs on top of the PEM films prepared with (PAH/PAA),s(PAH/PSS), did
not result in a bilayer as can be distinguished in Figure 7a. The frequency decreased
progressively to 47 Hz within 30 min and there was no hint of rupture. Dissipation increased
slightly after SUVs adsorption and then decreased and remained stable after rinsing with PBS,
while it hardly changed after the final rinsing steps. Finally, by the deposition of SUVs on top of
(PAH/Alg); s(PAH/PSS),, we observed partial rupture of vesicles as can be seen in Figure 7b.
The total frequency shift was 54 Hz. The frequency hardly changed after rinsing with NaCl or
water, showing no or limited swelling of the adsorbed vesicles and the bilayer patches.

The results from the assembly of SUVs on PEMs combining PAH/PSS, with Alg as the
underlying layer before the outermost PAH layer, hint that the mechanical properties play an
important role on the formation of the bilayer; In this case the film must have approximately the
mechanical properties of the PAH/PSS differing only in the chemistry of the polyanion layer
below the top polyelectrolyte layer. However, if this were the case, bilayer formation should be
hindered for PAH/Alg PEMs with PAH/PSS as top deposited layers, as the film has basically the
mechanical properties of PAH/Alg, but occurs the opposite. On the other hand, the experiments
combining PAH/PSS and PAH/PAA multilayers did not result in bilayer formation in none of
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A possible explanation for these results is that since there is normally interdigitation between
layers in PEMs, the last PAH layer interacts in both cases with PSS and alginate, and, therefore,
there is not much difference for the lipid assembly between the PEMs of PAH/Alg with
PAH/PSS as top layers and PAH/PSS with PAH/Alg as top layers. The same may be occurring
for PAH/PSS and PAH/PAA. If so, the composition of the top layers would be responsible for
the bilayer formation.

In a previous work, we have shown that the interaction of phosphate ions with PAH is
fundamental for achieving a bilayer formation on the PAH/PSS PEMs*. Therefore, we decided
to study the influence of PBS on PAH/Alg and PAH/PAA. {—Potential measurements were
conducted on colloidal particles coated with 11 layers of PAH/PSS, PAH/Alg and PAH/PAA in
order to reveal the changes in surface charge after incubation in NaCl 10 mM and 150mM, PBS
10 mM and in the salts contained in the PBS buffer at the same molarities; Na,HPO, 10 mM,
KH,PO4 2 mM, Na,HPO4 10 mM/ NaCl 150 mM and KH,PO4 2 mM/ NaCl 150 mM. Results
(Table 2) showed that even though the last deposited layer was always the positively charged
PAH, the potential was affected by the negatively charged polyelectrolyte. In NaCl 10 mM the
potential for (PAH/PSS)ss was 47 mV while that for (PAH/Alg)s s was 34 mV and that for
(PAH/PAA)ss was 43 mV.

In all cases the potential diminished significantly in the presence of PBS reaching negative
values, which however, varied for each polyanion (Table 2). In the case of PAH/PSS the
potential was almost zero and for PAH/Alg and PAH/PAA was negative; - 15 mV and - 12 mV,
respectively. In the presence of the dibasic phosphate salt (Na,HPO4, 10 mM) the surface charge
was also negative around -15.1 = 1.6 mV, lower than for PBS. It was interesting that even
though in the case of the monobasic phosphate salt (KH,PO4, 2 mM) the potential decreased, it
did not decrease significantly and the surface charge of all samples remained positive, hinting
that PAH mostly interact with the dibasic phosphate. Accordingly, samples in Na,HPO4 10 mM/
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XPS measurements were conducted on the three PEMs after exposing them to PBS. Results
showed that the phosphate interacted strongly with the PAH and that this interaction was
affected by the change of polyanion (Figure 8). The PAH/Alg presented a relative phosphorous
content of around 0.9 atom %, compared to the PAH/PSS with 1.0 atom %. PAH/PAA showed
the highest relative content of phosphorous, around 1.9 atom %. In both cases, the P 2ps/, peak
attributed to phosphate bonds is shifted to lower binding energies, at around 132.4 eV. This
energy value corresponds to the energy of dibasic phosphate ions (Figure S1) and would
indicate that PAH assembled with Alg and PAA are preferentially interacting with the dibasic
phosphates (POZ7). On the other hand, the energy of the phosphates bound to PAH/PSS
corresponds to the monobasic phosphate salts (Figure S1). The calculated ratio of phosphates to
the number of amines on the surface of each sample (Table 3) show, in the case of PAH/PSS,
that there was half complexation of the amines. For PAH/Alg, the complexation was 35 atom %
with the N of PAH on the surface of the film. For PAH/PAA, this value increases to an 88 atom
%. These values are calculated considering that all the phosphate groups are complexed with the
amines of the top layer. XPS profiles of phosphate along the PEMs (not shown), demonstrate
that there are almost no phosphate groups in the film interior.

The negative potential of the PAH/Alg and PAH/PAA in PBS indicates a net negative charge on
the PEMs. Despite the negative charge of the PEM surface, not all amine groups are interacting
with phosphate groups as we observed from XPS. Therefore, on the PEM surface there will be
negative charges from the phosphate, but also charged or neutral amino groups available. The
negative charges should induce repulsion of the vesicles, but, when the vesicles approach to the
areas where the amines are not complexed with the phosphates, they can interact with the free
amino groups. In the ionic strength conditions used in this study, the Debye length should be
approximately 1 nm. The vesicles can come close to the PEM surface up to this distance without
facing repulsion. Besides, if the vesicles find positively charged or non-charged amines on the
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surface, they will adsorb and even partially ruptured. We can assume a homogenous distribution
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1

2

2 of amines complexed with the phosphate groups and not-complexed amines. Vesicles will

2 interact with amines non complexed with phosphate ions, which can lead to their rupture and

é partial fusion, but will face repulsion from the amines complexed with the phosphate groups that
ig should prevent spreading. This would explain the formation of bilayer patches on the PEMs,

ig especially in the case of PAH/Alg. It is worth noting that in the case of PAH/PAA, where there
14

ig is a larger complexation with the phosphate groups, there are more vesicles assembled than

g bilayer patches as can be deduced from the QCM-D and FRAP measurements. This was well

%? correlated with the reduced number of amine groups available to interact with the phospholipid
gé vesicles. The preferential interaction of PAH/PSS and PAH/Alg with monobasic phosphates and
gg PAH/PAA with dibasic phosphates, can be explained by the degree of protonation of the PAH as
gz a consequence of the interaction with the polyanions in the neutral environment of PBS (pH 7.4).
gg PAA and Alg are both weak polyelectrolytes with carboxylate groups that dissociate and can

g; transfer protons to PAH increasing the PAH protonation. On the other hand in the same

g‘zf conditions, PSS is fully dissociated. Therefore, we can expect a lower protonation for PAH/PSS
g? than for PAH/PAA and PAH/Alg at neutral pH values.

38

39

40

j; Conclusions

ji The results of this work show that the assembly of a bilayer on top of a polyelectrolyte

%g multilayer is a complex process, not only ruled by the surface chemistry of the multilayer, but

jg rather, by the composition of the PEM and the interactions between polyanions and polycations.
22 Our results show that indeed the nature of the polyanion in the PEM fine-tuned the interaction of
g% the PEMs with phosphate ions and phospholipids. We have observed that in the case of

gg PAH/PSS multilayers in presence of PBS, the PAH, top layer, form complexes with monobasic
g; phosphate ions through hydrogen bonding, rendering the surface with neutral charge, despite that
28 not all amines of the PAH layer are complexed. In these conditions, the electrostatic interaction
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and a bilayer is formed. For the case of Alg or PAA as polyanions, we observe the complexation
of the amines of PAH with dibasic phosphate ions that render the surface of the PEMs negatively
charged. This negative charge should induce the repulsion of the vesicles, since these are
negative as well. However, despite the overall negative charge of the PEM, not all amine groups
form complexes with phosphate; they can remain either positively charged or not charged, and

can therefore interact with proximal vesicles to form bilayer patches with non-fused vesicles.

Supporting Information.

XPS spectra of the monobasic and dibasic phosphate salts included in phosphate buffered saline
are provided as Supporting Information.
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Figure 1 QCM-D curves of frequency (blue line) and dissipation (red line) following the
deposition of DOPC:DOPS SUVs on top of a) (PAH/PSS)s s, b) (PAH/ALG)s s and ¢)
(PAH/PAA)s s multilayer cushions.
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Figure 2 Fluorescence images after photobleaching and the respective fluorescence recovery
curves obtained by the deposition of DOPC:DOPS labelled with 0.5:0.5 NBDPC:NBDPS
fluorescent SUV's on top of a) (PAH/PSS)s s and b) (PAH/ALG)s s multilayer cushions.

Table 1 Mobile fraction and diffusion coefficient values obtained from the deposition of 50:50
molar ratio DOPC:DOPS SUVs on top of different PEM supports.

M

Sample D (10%cm?*s™)

(PAH/PSS)s 5

ACS Paragon A0S ENQi0d®ment 9.2+ 0.65
0.56 +0.017 0.36 +0.03



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

(PAH/PAA)s s 0.89 + 0.007 774027

00 00000 © o b)
0 20 40 60 80 100 120 140 160 180

°
06 /

T T T T T
100 200 300 400 500

Time (s)

Recovery
o

c)

L h
o .

Time (s)
Figure 3 a) Ffluorescence image, of DOPC:DOPS SUVs, labelled with 0.5:0.5 NBDPC:NBDPS,
adsorbed on top of (PAH/PAA)ss. b) Confocal Microscopy images and the respective
fluorescence recovery curves after photobleaching from a region with low fluorescence intensity
and c) from a region with higher fluorescence intensity.

Alg  SUVs HO SUVs PBS Buffer HO
| Y f ] | | ’ R
12 I, - ~ - A
04 : ] i 4 : Y
t 4 ] : ' : \
1 1
: i
1 1
-60 ! ;
! i
— !
— QIC) | :
N Al 1
T 120 < :
Y ~ !
= Q. i
< '
-180 4 ! i
1 1
= !
1 P N |
240 i a) i 2404 i { : !
" o 1
0 8000 16000 24000 32000 ! 31000 32000 33000 34000 35000 i
1
Time (sec) i Time (sec) !
1
1 1
Alg Alg SUVs H,0 : SUVs PBS Buffer H,0 E
v 1 } : { } i } !
0 i H {: : i !
H ; i g 1
1 H 1
! -120 | i
-60 - ! i i
! i
! i
o 1204 ol g :
T 24 I =8 ;
- ok N ; |
< 1804 g < !
< : H |
H 1
; 240! i
240 | ; '
. |
b) :
: i | : : i : 40
-300 . r : — A : r — : T |
0 8000 16000 24000 | 19600 22400 25200 }]
Time (sec) \ Time (sec) S

Page 18 of 25



Page 19 of 25

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Figure 4 QCM-D curves of frequency (blue line) and dissipation (red line) tracing the deposition
of DOPC:DOPS SUVs on top of a) (PAH/PSS)4 s(PAH/Alg) and b) (PAH/PSS); s(PAH/Alg),
multilayer cushions.
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Figure 5 QCM-D curves of frequency (blue line) and dissipation (red line) tracing the deposition
of DOPC:DOPS SUVs on top of a) (PAH/PSS)4s(PAH/PAA) and b) (PAH/PSS); s(PAH/PAA),
multilayer cushions.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 20 of 25

PSS SUVs H,0 -7 suvs  pBS Buffer H,0 Ty

2 N
,
} } } / | | | i :
04 i 3 3 e / : s i . N
i § ' H ¥ s 4 ‘.
! -60 4 )
1
-60 i I
1 |
1 1
1 1
i -120 '
1201 . |
N 1 N !
L F = i
S -1804 Loy 180 !
1 1
1 1
! i
-240 4 ! H
' 240 '
1
1 1
-0 1
-300 ¥ T T T '| T - T 8 : I' I' . . 3 . :
0 8000 16000 24000 32000 ! 30400 32000 33600 35200 !
H . |
Time (sec) ] Time (sec) !
1
1 1
PSS PSS SUVs H,0 : SUVs PBS Buffer H,0 i
1 1
- ‘ Lo ‘ ! ‘ : e !
99 : : ! : i : ; ; : 1
1 P H H 1
1 : ] !
! H H : 1
H H H 1
40 i i : |
1 H H 1
1 ; g :
1 H 4 l
H H H 1
-120 . : ; : <
N T LN i i i o |
T s : : ; = !
b s ; { { —
< 1 = ’ i ; : Q 1
-180 : -180 4 : E i : 42 3 :
.. H H " 1
1 : | i I
1 : i ; 0 :
! i : | .
-240 4 ! 240 i e e e :
~ . i ' ] i i i i
T + T T =2 1 T T T T -2 1
0 8000 16000 24000 | 20000 22000 24000 26000 ;
Time (sec) N\ Time (sec) K
N .

deposition of DOPC:DOPS SUVs on top of a) (PAH/AIg)4s(PAH/PSS) and b)
(PAH/Alg); s(PAH/PSS), multilayer cushions.

ACS Paragon Plus Environment



Page 21 of 25

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

PSS SUVsH,0

Af (Hz)

-700

|

{ 40

Af(Hz)

T
0 5000

T T : T
10000 15000 20000

PSS SUVs H,0 i
}

I:-
25000 !

o

Af(H2)

-500

d

Af(Hz)

T - T - T
10000 15000 20000

Time (sec)

—
25000

-300 4
-400
-500 E
-600

-700

300

-400

-130

24000
Time (sec)

T
23000

SUVs PBS
i }

—
25000

T
26000

Buffer HQO

!

-—x_—____\_;_______ 0

24000
Time (sec)

23000

T
25000

26600

Figure 7 QCM-D curves of frequency (blue line) and dissipation (red line) tracing the deposition
of DOPC:DOPS SUVs on top of a) (PAH/PAA),4s(PAH/PSS) and b) (PAH/PAA); s(PAH/PSS),
multilayer cushions.

Table 2 Zeta potential values of the (PAH/PSS)s s, (PAH/Alg)s s and (PAH/PAA)ss PEM coated
Si0; particles in different salt solutions, at 25 °C.

{ — potential (mV)

Medium

M (mM)

(PAH/PSS)ss

(PAH/Alg)ss

(PAH/PAA)s 5

NaCl

NaCl

PBS

Na,HPO4
KH,POg4
Na,HPO,/ NaCl
KH,PO4/ NaCl

10

150

10

10

2
10/150
2/150

472+04
20£1
-1.33+£0.6
-15.1+1.6
359+1.1
3.1+£0.1
25.6 £0.5

33.7+£0.5
13,4+0,3
-145+19
-21.9+1.2
21.4+0.1
-3.8+0.1
1.3+£1.0

433+3.0
-3,1+£0,6
-122+1.1
-22.1+1.8
58+24
-2.74+£1.0
-3.8+1.0

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Intensity (a.u.)

The Journal of Physical Chemistry

GGy |

'
c=0
Cc=0

0O-C=0

; et ;I"—» i

Binding Energy (eV)

U . T LN R A A B A
294 292 290 288 286 284 282 280 278

Figure 8 P 2p spectra of the a) (PAH/PSS)s s, b) (PAH/Alg)s s and ¢) (PAH/PAA)s s multilayers

after rinsing with PBS.

Table 3 Chemical compositions of the samples obtained from the area of the high resolution
photoelectron peaks, the N of the top layer and the relation of N with P for the top layer and the 3
last layers in terms of atom (at.)%.

N (at.%) Ratio N-P  Ratio N-P
N P C S
Samples  (at.%) (at.%) (at.%) (at.%) top layer top layer 3 top layers
PAH/PSS 9.6 1,0 81,4 8,0 1.9 52 26
PAH/ALG 12,7 0,9 86,5 0,0 25 35 18
PAH/PAA 11,3 1,9 86,6 02 23 84 42
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