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Gold nanoparticles (AuNP) are known to aggregate on the surface of lipid vesicles, yet the molecular
mechanism behind this phenomenom remains unclear. In this work, we have investigated the binding
behaviour of AuNPs, synthesized with pulsed laser ablation, to phospholipid vesicles under varying
conditions of ionic strength (KCl concentration) and NP to vesicle ratios. Our observations reveal
a strong influence of electrolyte concentration on AuNP aggregation mediated by vesicles. Notably,
cluster formation is observed even at less than one AuNP per vesicle ratio at low enough ionic
strengths. These results evidence a binding mechanism governed by electrostatic attraction with a
distinct cooperative behaviour at very low salt concentrations, resulting in a significant increase in
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nanoparticle clustering. This behaviour is quantitatively analysed through a model that incorporates the
Derjaguin—Landau—-Verwey—-Overbeek (DLVO) theory, considering the electrical double layer attraction
between dissimilar, non-oppositely charged objects. This study not only provides insight into the
fundamental understanding of nanoparticle—vesicle interactions but also suggests potential strategies for
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Introduction

Metallic nanoparticles are an extremely versatile material,
employed in a wide range of applications due to their unique
physicochemical, optoelectronic, and catalytic properties.">
Their surface chemistry can be easily modified, and precise
synthesis methods allow for the production of particles with
well-defined sizes and shapes, good dispersion, and tailored
properties for diverse application needs.””

Among these, gold nanoparticles (AuNPs) stand out for their
surface plasmon resonance (SPR), which arises from the col-
lective oscillation of conduction band electrons. This phenom-
enon depends on the particle size and shape, resulting in
visible color changes that indicate variations in their environ-
ment. These properties, combined with the biocompatibility
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controlling nanoparticle assembly in biological and synthetic systems by tuning the ionic strength.

and low toxicity of AuNPs, have led to their widespread inves-
tigation for a series of biomedical applications.®™

Traditional synthesis of metallic nanoparticles relies on the
chemical reduction of the corresponding oxidized cations with
reagents that act as both reducers and stabilizers. The presence
of a stabilizing layer on the nanoparticle is essential to prevent
infinite growth, aggregation, and precipitation.'® However, this
often complicates the study of processes involving interactions
between NPs and other molecules or surfaces, as the reactivity
of a given type of metallic NP strongly depends on the nature
of the ligand used as a stabilizer.

AuNPs prepared by the Turkevich method, stabilized by
a layer of citrate anions, are one of the most studied and
characterized types of nanoparticles for biomedical applica-
tions.® However, it becomes difficult to discriminate the con-
tribution of the interactions between the NPs metal core and
biological systems from those related to the capping agents and
the system’s ionic strength due to the presence of citrate.

Despite being the most extensively studied metallic nano-
particles in biomedical settings, our understanding of AuNP
interactions within biological systems, especially at the nano-
bio interface, remains incomplete.'*™** These interactions are
crucial for determining the fate of nanostructured materials in
living systems and are influenced by factors such as nano-
particle size, membrane composition, electrostatics, and envir-
onmental conditions such as ionic strength and temperature.
Several studies, mainly focused on citrate-capped AuNPs, have
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only recently begun to investigate their aggregation behaviour
on membranes made of zwitterionic but slightly negatively
charged phosphatidylcholine (PC) lipids. In particular, the
aggregation of AuNP on the surface of PC vesicles has been
the subject of extensive investigations using the colour change
associated with the AuNP cluster formation.

Positively charged AuNPs, like those capped with cetyltri-
methylammonium bromide (CTAB), interact differently with
lipid membranes compared to negatively charged citrate
capped NPs. Sheridan et al.'* have shown that these cationic
NPs can significantly disrupt cell membranes, especially those
composed of anionic lipids. The strong electrostatic attraction
between the positively charged NPs and the negatively charged
lipid head groups leads to increased inclusion of the NPs into
the lipid monolayer. Additionally, coarse-grained molecular
dynamics (CGMD) simulations reveal that AuNPs with different
surface ligands either adhere to the membrane surface or
integrate into the bilayer. Cationic AuNPs can penetrate vesicle
membranes more easily than planar lipid bilayers, with inter-
actions influenced by surface charge density.'®

Several researchers indicate that AuNP clustering on lipid
membranes is highly dependent on the ratio of AuNPs to phos-
pholipid vesicles. Wang et al'® followed the citrate-capped
AuNPs aggregation on phosphocholine lipid vesicles at different
ratios and low ionic strength. They found that AuNPs were not
uniformly distributed on the vesicle surface and that even at low
AuNP to vesicle ratios, clusters were still present. The observed
AuNPs cluster formation depends on the nature of the capping
agent and was explained by the strong inter-AuNP van der Waals
force among single AuNPs adsorbed on the same vesicle’s surface.
The same group also showed that AuNPs adsorption on fluid
DOPC vesicles could induce local lipid gelation, forming AuNP/
lipid complexes that diffuse in the low-viscosity surrounding
lipids and merge into clusters."”

Sugikawa et al.'® observed that lower amounts of lipid
vesicles relative to AuNPs lead to increased clustering of
nanoparticles on the vesicle’s surface at ionic strengths where
the NPs alone do not aggregate. Similar interactions were also
investigated under conditions of high ionic strength, where
AuNPs alone would typically aggregate.'®?° These studies
demonstrate that in the presence of vesicles, 3-D aggregation
of AuNPs in bulk solution is prevented, with AuNPs preferring
to adsorb on vesicles. When the AuNP/vesicles ratio is high,
a colour change indicates cluster formation on the vesicle’s
surface. However, increasing the concentration of lipid vesicles
prevents this aggregation. This is probably because, at low
AuNP/vesicle and high salt concentrations, most of vesicles
are decorated by one or fewer AuNPs.

Although several studies have investigated the binding and
aggregation of AuNPs on vesicle surfaces, the detailed driving
forces behind these processes have not been comprehensively
explored. Interestingly, cluster formation mediated through the
lipid membrane has been reported even at very low ionic
strengths and at ratios of less than 1 AuNP/vesicle, where
longer Debye screening lengths should enhance the repul-
sive forces and prevent interaction.>® The observed uneven
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distribution of AuNPs on vesicles under these conditions has
been explained suggesting a cooperative mechanism that
favours the binding of subsequent AuNPs after the adsorption
of the first AuNP on the vesicle. To rationalize the cooperativity
of the aggregation, the authors proposed that citrate release
from the NP upon adsorption on the lipid membrane results
in a transient increase in the local ionic strength, promoting
further nanoparticle adhesion.

In this study, to avoid the typical disadvantages associated
with citrate-capped AuNPs, such as distinguishing the effects of
the metal core’s interactions with biological systems from those
related to the capping agents and addressing issues arising
from the system’s ionic strength due to citrate presence,
we used AuNPs produced by pulsed laser ablation in liquid
(PLAL) without the use of any capping agents. We followed the
interaction between these PLAL-AuNPs and synthetic vesicles
consisting of phosphatidylcholine, focusing on experiments
conducted at various controlled ionic strengths (in a low range
of values) and different AuNP to vesicle ratios. Our goal is to
delineate the role of ionic strength in modulating the adsorp-
tion of strongly negatively charged AuNPs on the surface of
weakly negatively charged vesicles and the subsequent for-
mation of AuNP clusters.

Results and discussion
The role of ion release in cooperative binding

In this work, we study the interaction between AuNPs synthe-
sized by PLAL with an average diameter of around 15 nm and a
zeta potential ({) ranging from —40 mV to —50 mV, and
phosphatidylcholine vesicles with a diameter of around
120 nm and a { = —6 mV. These “naked” AuNPs are synthesized
in 100 pM KCl solution. Their colloidal stability is attributed to
the presence of negative charges on their surface, which are
commonly explained by a combination of adsorption of
anions®” and an excess of electrons formed within the plasma
phase of nanoparticle production.

In a first set of experiments, we followed their interaction
with vesicle, leaving the ionic strength constant to match the
synthesis medium of the nanoparticles (100 uM KCl). In the
absence of vesicles, these AuNPs are well dispersed in solution,
displaying a pink colour and exhibiting an SPR in the visible
wavelength range centred at 515 nm. Upon mixing the AuNP
with the vesicles at a ratio of 1 nanoparticle for every 2 vesicles,
the solution undergoes a rapid colour change from pink to
blue. This transformation is marked by the appearance of a new
absorption band around 610 nm and a slight red shift of the
SPR peak. Fig. 1 shows both the visible spectra of AuNPs and
the respective photographs of the samples before and after the
addition of the lipid vesicles. Given the ratio of less than 1 NP
per vesicle, this colour change demonstrates that the AuNPs are
adsorbing and clustering on the vesicle’s lipid membranes
unevenly. Consequently, most vesicles remain free of nano-
particles, while just a smaller subset carries aggregates of more
than one AuNP.

This journal is © the Owner Societies 2024
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Fig. 1 Absorbance spectra and photographs of a 2 nM AuNP solution in
0.025 mM KCl before (black dashed line) and after (solid pink line) the
addition of phospholipid vesicles at a ratio of 2 vesicles per AUNP. The two
vertical dashed lines correspond to the wavelengths at the SPR (515 nm)
and at 610 nm used to calculate the aggregation index of the AuNPs.

Similar phenomena have been described by Montis et al.,**
in the presence of citrate-capped gold nanoparticles. The
cooperative aggregation was explained by the sudden release
of citrate ions, leading to a localized increase in ionic strength
near the adhesion point of a AuNP on the lipid membrane,
which in turn increases the probability of the adhesion of
another AuNP onto the same vesicle. Although our system uses
PLAL-AuNPs, which lack citrate, we can speculate that chlorine
ions adsorbed on their surface might play a similar role to that
postulated for citrate. If this hypothesis is correct, then calcu-
lating the local increase in ionic strength caused by the release
of chlorine ions after the adsorption of the first NP, along with
the diffusion times for both the second NP and the released
ions, should provide evidence supporting this theory.

Let’s go first with the calculation of the diffusion times.
Consider a solution with a number density of vesicles [Vesy]
(expressed in m ). The average volume around a single vesicle
can be described as [Ves,,] . Within this volume, the number
NP,
[Vesiof]
the number density of AuNPs. Each object within [Ves]
[Vesior] ™!

G+1
number of particles (G AuNP + 1 vesicle). This volume calcula-
tion is crucial as it is used to evaluate the effects of ions
released by each AuNP in the vicinity of the vesicle. Within
the range of conditions explored in this work, the smallest
volume per particle is veey = 3 x 10° nm?, which corresponds to
the highest vesicle concentration of 3.3 nM. This volume can be
visualized as a cube with an edge length L = /veerr ~ 700 nm.

Given the diffusivity D ~ 2 x 10~° m> s~ " for small ions, the
2

. .. . L
time to cover this distance is calculated as z =eD= 40 ms.

During the same time, the nearest AuNP, with a diffusivity
Dnp ~ 2 x 107" m?> s7' explores only about 70 nm
(RMSD = \/6Dnp1). Consequently, the AuNP cannot migrate
quickly enough to exploit the concentration gradient created by

of AuNPs (G) is given by G = , where [NP,,] represents

occupies a volume v = , where G + 1 is the total
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the dispersing ions, and as a result, the ions achieve a uniform
concentration across the space between the nanoparticle and
the nearby vesicle before any significant movement of the AuNP
occurs.

Having evaluated the diffusion times, we can calculate the
local increase in ionic strength associated to the release of
chlorine ions upon the adsorption of the first nanoparticle on
the vesicle’s membrane. In this calculation, we assume that the
negative charge on the AuNP is entirely due to adsorbed anions.
While this assumption is accurate for citrate capped AuNPs,
it is questionable for the PLAL-AuNPs in the present investiga-
tion. The negative charge observed for PLAL-AuNPs is com-
monly attributed to a combination of anion adsorption and
excess electrons formed within the plasma phase of nanopar-
ticle production.>® Therefore, the result of the following calcu-
lation should be considered as the upper limit of the potential
increase in ionic strength due to the binding of AuNP to a
vesicle. With the simultaneous knowledge of both the AuNP
zeta-potential ({, shown in Fig. S1A in the ESIt) and the exact
ionic composition of the solution, we can assess the change in
ionic strength associated with the release of adsorbed ions.
According to the Grahame equation, the following relationship
exists between the surface charge density (¢) and the zeta-
potential of a planar surface:

2¢?
2 [ — . p— .
o = anle ( E C;(surface) E,- C,(bulk))

i

2¢? el

in the above equation, e denotes the elementary charge, and
/p the Bjerrum’s length, which is the distance at which the
electrostatic interaction between two elementary charges
equals the thermal energy kgT that in water is 0.7 nm. For
spherical surfaces, there is no equivalent analytical solution to
the problem. However, Hunter, in his classical book on zeta
potential, suggested the following relation as an accurate
approximation for the relationship between the charge on a
sphere and the potential for a univalent symmetrical electro-

lyte:>*
R? . el 4 el
Q—ZK{2$IHh<2kBT) +@tdnh(4kBT)} (2)

Where the term containing the hyperbolic sine corresponds to
the surface charge of a plane (Grahame equation), and the
hyperbolic tangent is the correction for the curvature. This
equation helps us calculate the number of charges on the
surface of a spherical NP of radius R using the experimentally
measured zeta potential. According to this equation, the num-
ber of charges on the AuNPs grows with the salt concentration,
as shown in Fig. S1B of ESL. Under the assumption that these
charges are primarily from monovalent ionic capping agents
like C1™, which are released upon AuNP binding to a vesicle, we
can calculate the increase in ionic concentration in the volume
between the vesicle and the NP (v.). In the hypothetical
case of a full release of the charges, the increase in ion

(1)

Phys. Chem. Chem. Phys., 2024, 26, 23103-23115 | 23105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02060j

Open Access Article. Published on 15 August 2024. Downloaded on 4/2/2026 6:03:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

concentration according to the calculation is below 1077 M,
which is a negligible increase compared to the actual KCl
concentration. Even in the case of a total charge release, the
increase in the surrounding volume (between the vesicle and
the nearest AuNP) would be below 0.1% of the total KCl
concentration, as shown in Fig. S1C of ESL{ Based on the
calculated minimal increase in ionic strength and the signifi-
cant difference in diffusion times between the released ions
and the nearest AuNP, we conclude that the “ion trail” hypoth-
esis does not sufficiently explain the observed cooperativity.

The nature of the interactions inducing AuNP clustering on the
vesicle surface is electrostatic

Maintaining the ratio of 1 NP to every 2 vesicles, the samples
were further analysed at varying ionic strengths. The AuNPs
spectra, shown in Fig. 2A, reveals how at low ionic strength the
formation of a shoulder at 610 nm is more pronounced. This is
an indication of AuNP aggregation that takes places on the
surface of vesicles as demonstrated by the DLS results shown in
Fig. 2B. Fig. 2B shows the size distribution of AuNPs in absence
and in presence of vesicles and of vesicles alone. Given the
higher refractive index of gold compared to that of the vesicles,
for the AuNP-vesicle mixture we expect the DLS signal to
be dominated by the stronger scattering from the AuNPs.
As shown in Fig. 2B, the size-distribution peak corresponding
to the AuNP-vesicle mixture shifts from that attributed solely to
the AuNPs towards values corresponding to vesicles alone.
We ascribe this effect to the strong interaction between the
smaller AuNPs and the vesicles, indicating that all the AuNPs
are bound to, and diffuse with, the vesicles. This behaviour is
observed at all the explored KCIl concentrations, as shown in
Fig. S2 of ESL.{ Such evidence demonstrates that even at high
ionic strength, where the AuNP SPR indicates a low aggrega-
tion, all the nanoparticles are bound to the vesicles.

The aggregation of AuNPs was quantified using UV-vis
absorbance, specifically by calculating the so called ‘‘aggrega-
tion index” (AI), which is defined as the ratio of the absorbance
value at 610 nm (reflecting mainly aggregated AuNPs) to the
absorbance at 515 nm (reflecting monomeric AuNPs), as seen

o
N

Absorbance /a.u.
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600 700 900
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500

Fig. 2
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in Fig. 1."?° The Al values obtained from the spectra in Fig. 2A
are plotted as a function of [KCI] in Fig. 3 in light blue. The
aggregation is consistent at 0.025 mM but decreases upon
increasing the salt concentration, becoming barely discernible
for [KCI] > 1 mM. The clear influence of the salt concentration
on the clustering of nanoparticles on the surface of the vesicles,
particularly the enhanced aggregation observed at low ionic
strength, strongly suggests that such a phenomenon is driven
by electrostatic attractive interactions. This is a novel outcome
since all previous interpretations assumed that the attraction
between vesicles and the first interacting AuNP was solely
driven by van der Waals forces.

These findings indicate that AuNP aggregation increases as
the ionic strength decreases. This observation might appear
counterintuitive in terms of classical DLVO theory, where
repulsive interactions are expected to dominate between like-
charged particles, such as the negatively charged AuNPs (around
—45 mV) and the vesicles (around —6 mV, which is nearly neutral
but still negative). Typically, lower ionic strengths enhance repul-
sive interactions due to reduced screening of charges. However,
the vesicle surface represents a peculiar interface due to the
orientational degrees of freedom of the phospholipids head-
groups. Previous theoretical investigations suggest that short-
range attractive interactions between negatively charged macro-
ions and phospholipid surfaces can occur, but these are only
effective at very short distance (<2 nm).*® Additionally, density
functional theory (DFT) and Monte Carlo (MC) simulations fore-
tell that the presence of counterions with an internal distribution
of charges can induce the coagulation of equally charged
particles.”®®” This mechanism could explain the coagulation
induced by certain antibodies in negatively charged vesicles®” and
AuNPs.”® However, in our study, the only cation present is the K*
that cannot play a similar role. Thus, the observed increase in
aggregation likely points to a more complex mechanism that
deserves a deeper study exploring other NP/vesicles ratios.

Surprisingly, these findings indicate that AuNP aggregation
increases as the ionic strength decreases, which is counter-
intuitive given the negative zeta potential on both the AuNPs
(around —45 mvV) and the vesicles (around —6 mV, which is

20 -
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(A) Absorption spectra of 2 nM AuNP samples at varying KCl concentrations (in mM), with a ratio of 1 NP to 2 vesicles. The black dashed line

corresponds to the spectrum of 2 nM AuNPs alone in 0.1 mM KCL. The inset shows a photograph of the samples at the specified increasing KCl
concentrations from top to bottom. (B) DLS size distributions by intensity of AuNPs alone (red dashed line), vesicles alone (black dashed line), and the
mixture of AUNPs and vesicles at a 1:2 ratio (purple solid line) in 0.025 mM KCL.
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Fig. 3 Top: Photograph depicting the color change in a series of samples
with 10 NPs per vesicle at increasing KCl concentrations. Bottom: Aggre-
gation index values of AUNP samples with varying KCl concentrations and
different AuNP-to-vesicle ratios: 0.5 (blue squares), 10 (brown squares)
and 100 (orange squares). Each data point represents the average from at
least 5 replicates, and error bars indicate the standard deviations. The solid
black line represents the average Al values for the 3 series in the absence of
vesicles. All samples have a final AuNP concentration of 2 nM.

nearly neutral but still negative). Typically, lower ionic strengths
would enhance repulsive interactions due to reduced screening of
charges. However, the observed increase in aggregation points
towards a more complex mechanism that deserves a deeper study
exploring other NP/vesicles ratios.

Fig. 3 also shows the AI values calculated from spectra
recorded in excess of AuNPs at ratios of 10:1 and 100:1
AuNP/vesicle (brown and orange solid lines, respectively).
In these cases, the pattern of AuNPs aggregation as a function
of KCl concentration is clearly non-monotonic. Specifically,
aggregation is high at both low (25 pM) and high (10 mM)
ionic strengths, with a minimal value in the range 0.1-1 mM.

Our findings, as seen in Fig. 3, reveal the critical importance
of ionic strength in the quantification of lipid vesicles using
AuNPs. When examining the data in Fig. 3 at a fixed ionic
strength of, for example 10 mM KCl, we observe that the extent
of aggregation increases with the number of nanoparticles
per vesicle. This phenomenon has been used by several
authors'®?®*® as a tool to quantify lipid vesicles, and ulti-
mately, extracellular vesicles. According to Fig. 3, a reliable
vesicle quantification using AuNPs is only feasible at suitable
ionic strengths. As we approach the range 0.1-1 mM of electro-
lyte concentration, the relationship between vesicle concen-
tration and NP aggregation vanishes. Therefore, to ensure
accurate vesicle quantification in systems using AuNPs, it is
crucial to maintain the ionic strength well above 1 mM to avoid
misleading results.

This journal is © the Owner Societies 2024

View Article Online

Paper

At this point, it is evident that the aggregation of AuNPs in
the presence of phospholipid membranes is a complex mecha-
nism that depends both on the AuNP/vesicle ratio and the ionic
strength of the system. In the following sections we will attempt
to explain this complex behaviour by recognizing three impor-
tant scenarios: (1) the binding of the first NP to a vesicle (2) the
binding of a subsequent NP, and, therefore, the formation of a
AuNP aggregate on the lipid membrane, and (3) the kinetics of
these encounters.

Electrostatic attraction between dissimilar objects:*® the
AuNP-vesicle first binding

Traditional van der Waals (vdW) models fall short when applied
to the interaction between nanoparticles and vesicles due to
their substantial difference in size and charge. Considering that
the vesicles are much larger than the NPs, their mutual van der
Waals attraction is best described as the interactions between a
flat wall of thickness ¢ and a sphere of radius ryp placed at an
end-to-end distance d (Tadmor2001):>*

wG)] e

where Hyp_y is the Hamaker constant for AuNP-vesicle inter-
action in water, ~2 x 10~ 2° J. This value is one order of
magnitude smaller than the Hamaker constant for AUNP-AuNP
interactions, raising the question of why AuNP show aggrega-
tion only in the presence of the vesicles, as evidenced by
comparison of the baseline in Fig. 3 with the AI values in the
presence of vesicles. The question can be explained by con-
sidering in detail the electric double layer (EDL) interactions.

The EDL interactions depend on the surface charges of the
vesicles and AuNPs, which can be modelled as spheres with
surface potentials {y and {xp, respectively. The dissimilarity in
charge magnitudes, with {y = —6 mV and {xp = —50 mV, suggest
unique interactions that differ significantly from the familiar
homo-coagulation between equally charged identical particles.
The EDL interactions between dissimilar spherical particles have
been previously evaluated under the Derjaguin approximation and
different boundary conditions, like constant charge (CC) and
constant potential (CP).327*

In a scenario where the charge density remains unchanged
upon approach (CC), charge repulsion typically occurs between
objects bearing charges of the same sign, even when one is nearly
neutral. According to the CC model, the van der Waals attraction
between a nanoparticle and a vesicle is negligible for distances
above 15 nm (eqn (3)), and therefore, this model fails to explain the
observed attraction of a negative AUNP to a weakly negative vesicle.
On the other hand, when the surface potential remains unchanged
upon approach (CP), the interactions align more closely with the
observed phenomena, as seen by the eqn (4) describing the EDL

interaction potential in the CP case:**"°

_Hnp-v|rne NP

Waaw(d) = L -

I'NPI'V . 2 2
114 d) =ngge———— +
EDL( ) 0 e _’_rV(QNP CV)
ZC g 1+ e—ml (4)
=Y In —+1In(l — e )
e + G2 T—e™
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J
eeokgT
the reciprocal of the Debye length. Inspection of eqn (4) reveals
that for equal potentials ({y = {np), the first term in the brackets is
large and positive, leading to a repulsion between the objects. But
when one of the potentials is very small, this term becomes
negligible. In the limiting case where the vesicles are effectively
neutral (zy = 0), the first term in the brackets vanishes and the
remaining term, In(1 — e %), is always negative, leading to
an effective attraction between a AuNP and a vesicle. A peculiar
feature of such an EDL attraction between non oppositely charged
bodies is that it becomes stronger as the ionic strength decreases
(i.e. when k decreases). According to the DLVO model, we have
calculated the total interaction potential between a vesicle and a
AuNP as the sum of the vdW (eqn (3)) and the EDL interactions

(eqn (4)):

where k = is the Debye-Hiickel parameter, which is

Wiodd) = Wyaw(d) + WepL(d) (5)

The resulting potential-distance curves at different KCI con-
centrations are shown in Fig. 4A.

These plots resemble the energy profiles found in chemical
kinetics, but there is a profound difference. In chemical
kinetics, as molecules move toward the origin along an energy
profile, they navigate along a frictionless reaction coordinate
path and, if they possess an energy larger than the energy
barrier, the reaction becomes possible. In the case of aggrega-
tion kinetics, such movement describes a true interparticle
distance filled by solvent.

As Verwey and Overbeek pointed out, the viscous friction
will dissipate all the particles’ kinetic energy.’” Therefore,
DLVO potential-distance curves should not be interpreted as
mere potential barriers but rather as modulators of the prob-
ability that Brownian motion will bring particles closer or drive
them apart. To quantify these interactions, the total potential
Wiot is incorporated into the chemical potential used in Fick’s
first law.*® Solving it under the constraint of null velocity when
two particles are in contact leads to the definition of the
so-called stability ratio :***®

wfkdir*2roex Wit (S)\dS
Tk ), P T )2

(6)

In the first equality, @ is expressed as the ratio between the
aggregation rate constant when diffusion is the only controlling
factor (kqir) and the actual rate constant (k) that occurs under
the influence of both repulsive and attractive forces. A value of
o > 1, indicates that the system is stable against aggregation
because the rate of aggregation under diffusive control is slower
than in the presence of interaction potentials. The integration
variable S in the second equality is a dimensionless distance
between the centres of mass normalised by (rxp + 7v)/2, such
that S = 2 when the vesicle and NP are in contact.***®

In the case of null potential (hard spheres), the integral is 1,
resulting in a stability ratio of @ = 1. In the familiar case of
interaction between equally charged particles, a large energy
barrier (W: > 0) dominates the integral in eqn (6) resulting in

23108 | Phys. Chem. Chem. Phys., 2024, 26, 23103-23115

View Article Online

|_-D 061 A 1 0,1 0,025
x a—
= 04] °
= 0
<
1IN
0.0 T
K \15 AuNP vesicle
-0.24 |7 AW -50 mV vs. -5mV
15nm 120nm
-0.4 T . x
0 25 50 75
edge-to-edge distance /nm
5x10"°
o B.
= 4.5x10"°-
X °
°
4x10"°4
° o
®
3.5x101° . T :
0.1 1 10
[KCI] /mM

Fig. 4 (A) Total DLVO interaction potentials (vdW + EDL) as a function of
separation distance for increasing KCl concentrations (solid-coloured
lines). These calculations model the interactions between a small, highly
negatively charged sphere (15 nm, —50 mV), and a larger, nearly neutral
sphere (120 nm, —5 mV). Note: the dimensions in the figure are expressed
as diameters. The black dashed line represents the vdW component alone,
which remains constant across all calculated KCl concentrations. (B)
Variation in rate constant (k) for the first encounter between a vesicle
and a AuNP as a function of KCl concentration.

a repulsion characterized by w > 1. Conversely, Fig. 4A shows
the interaction between dissimilarly charged particles of the
same sign. The barrier height is below 1T and, more importantly,
the region where W;,; < 0 extends to large distances when the salt
concentration is low. Since this negative interaction potential
serves as the argument of an exponential in eqn (6), it contributes
a factor that is less than 1, thus resulting in w < 1. In other words,
the aggregation rate constant at low ionic strength is larger than
the value obtained under diffusive control (k = kg;¢/») because of
the additional attractive EDL interactions.

The rate constants for the first encounter between a AuNP
and a vesicle have been evaluated at different KCI concentra-
tions by means of the numerical integration of eqn (6) using the
Wiot values shown in Fig. 4B. The numerical values of o were
then used to evaluate k = kg;¢/®, where kgip=1.8 x 10'°M ' s =
4n(rnp + 1v)(Dnp + Dy), with Dyp and Dy, being the diffusivities of
NP and vesicles, respectively.*® The results, shown in Fig. 4B
indicate that the process is fast at low [KCI] and the rate
constants decline with increasing [KCI], finally attaining an
almost constant value at [KCI] > 1 mM.

These results are significant because they rationalize the
strong affinity of AuNP for nearly neutral vesicles in terms of an
EDL attraction that becomes stronger at low ionic strength.
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Electrostatic attraction between dissimilar objects: the AuNP
cooperative coagulation on the vesicle surface

The process of aggregation of AuNPs on vesicle surfaces is
marked by two distinct steps. The initial attachment of a single
AuNP to the vesicle surface and the subsequent binding of
additional AuNPs to the same vesicle, which, due to the
observed cooperativity, should be significantly faster and more
favourable than binding to other pristine vesicles.

According to the previous section, the initial binding of a
AuNP to a vesicle is driven primarily by EDL attraction between
dissimilarly charged bodies. To rationalize the cooperativity of
the subsequent binding events, we follow the suggestion by
Montis et al., who proposes a substantial loss of charges on the
particles after adsorption on the vesicle.>* Instead of focusing
on the negligible change in ionic strength, we note that this
charge reduction changes the nature of the interaction between
the bound AuNP and subsequent AuNPs in solution. With
reduced charges on one NP, the EDL term becomes essentially
attractive, and the large Hamaker constant of AuNP-AuNP
interactions leads to a strong and long-range overall attraction
that greatly favours further AuNP attachment. The exact mecha-
nism of this potential reduction is not critical to the discussion.
In this case, it could involve a combination of anion release and
the distribution of excess electrons across the extensive surface
of the vesicles.

To model the system, we consider that the Hamaker con-
stant for the interaction between a AuNP and a vesicle is
negligible in comparison with the AuUNP-AuNP interactions.
Accordingly, even though we are now considering the inter-
action between a free AuNP in solution and another AuNP that
is anchored to a vesicle, we approximate the vdW contributions
using the Hamaker equation for two identical spheres
(expressed in terms of edge-to-edge distance as in ref. 31)

erpz 2}‘Np2

_ Hyp-np _
4I’di + d2 4I’Np2d + 4}"di + d2

awta = e

4rnpd + d?
+In
4}’Np2d + 4rnpd + d?

)

The EDL attraction depends on the potential of the bound
AuNP. Lacking information on this potential, we assume that
the bound particle is neutral ({ = 0), so the interaction potential
becomes (cf eqn (4)):

n )
WepL(d) = ESOErNPCNPz In(1—e ) (8)

The total DLVO potential is obtained, according to eqn (5),
by summing both vdW and EDL forces (eqn (7) and (8)). This
combined potential is plotted at different KCI concentrations in
Fig. 5A. According to these plots, at low salinity, the attraction
between the neutral AuNP adsorbed on the vesicle and the
charged AuNP in solution is stronger than the interaction
between AuNP and vesicle alone (Fig. 4A).

The corresponding stability ratio o can be evaluated using
the integral in eqn (6) to calculate the rate constant for the
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Fig. 5 (A) Total DLVO interaction potentials (vdW + EDL) as a function of
separation distance for increasing KCl concentrations (solid-coloured
lines). The calculations model the interactions between a negatively
charged and a neutral AuNPs. Note: the dimensions in the figure are
expressed as diameters. The black dashed line represents the vdW com-
ponent alone, which remains constant across all calculated KCl concen-
trations. (B) Variation in the cooperative rate constant (k.) with KCl
concentration, representing the rate at which additional AuNPs bind to a
vesicle already carrying one AuNP.

cooperative step as k. = kgif/c», where kg;r remains the same
(1.8 x 10" M~* s ") since the diffusivity and cross-sectional
area of a NP anchored to a vesicle are similar to those of the
vesicle alone. Indeed, if a vesicle binds a second AuNP at a
distance from the first AuNP we expect a fast aggregation with
the first AuNP, driven not only by electrostatic interactions but
also by a combination of non-specific (and non-electrostatic)
attractive nearest-neighbour direct interactions. The origin of
these forces could include dipolar interactions'® lipid-mediated
depletion and fluctuation-forces,*® and hydrophobic mismatch
between NPs and lipids.**

The cooperative step rate constants (k. at different KCI
concentrations are plotted in Fig. 5B. The results show that at
low salinity, k. is almost twice the rate constant k of the first
binding event (see Fig. 4B). This suggests that, at low salinity,
the initial binding of a AuNP to the vesicle is less probable than
the subsequent binding events. Once a vesicle has bound
the first AuNP, other NPs are very likely to aggregate with the
first, leading to the formation of clusters on a few vesicles,
even when the NP/vesicle ratio is less than one.

As the KCI concentration increases, k. decreases and
approaches the value of k. In other words, at high ionic strength,
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Fig. 6 Ratio of the rate constants k to k., representing initial and sub-
sequent cooperative binding of nanoparticles to vesicles, respectively. This
graph displays how the ratio varies with KCl concentrations ranging from
0.025 mM to 10 mM.

both the first and subsequent binding events are equally probable,
resulting in a random AuNPs binding to vesicles.

This model successfully reproduces the dependence of gold
nanoparticle coagulation on vesicles as a function of [KCI] at
low NP/vesicle ratios.

Finally in Fig. 6 we show the calculated ratio between the
rate constants for the first binding (k) and the subsequent
cooperative binding (k.) for all explored KCI concentrations.
All the calculated values are lower than 1, which implies that
k. > k, and therefore cooperativity. If for example k/k. is 0.5,
it suggests that subsequent NP bindings occur at twice the rate
of initial bindings. However, at values closer to 0.9, the initial
binding is almost as frequent as subsequent bindings, reducing
the cooperative binding advantage. Accordingly, at a NP/vesicle
ratio of 0.5, increasing the KCI concentration above 1 mM, the
AuNP still adsorb on the vesicles (as demonstrated by the DLS
results in Fig. S2, ESIt) but do not from clusters because they
are mainly distributed among vesicles as one NP per vesicle.

A minimal kinetic model

According to the data of Fig. 3, for NP to vesicle ratios larger than 1,
there is a range of salinity where aggregation increases with
electrolyte concentration. To understand the interplay between the
NP/vesicle ratio and the binding rates of the first and subsequent
NPs to the vesicles, a minimal kinetic model can be very useful.

The aggregation of n nanoparticles on vesicle surfaces can be
described as a series of sequential binding events, each leading to
an increase in the number of NPs on a vesicle. Like so, first a NP
binds to an unoccupied vesicle (Vesy) to form a single-particle
vesicle (Ves,), and subsequent NPs can continue to bind forming
(Ves,) from (Ves,), and so forth up to Ves; from Ves;_;:

n + Ves, KR Ves; (@

n + Ves e, Ves, (b)
ke

n+ Ves;_; — Ves; (]
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These reactions are governed by rate constants k for the initial
binding and k. for subsequent bindings. When the rate constants
are equal (k = k), implying no cooperativity, the set of recursive
reactions (scheme c) leads to a Poisson’s distribution of NPs
among vesicles (see the ESIT). The assumption that the Poisson
distribution describes the partition of NPs among the vesicles is
common, but to the best of our knowledge, the demonstration
detailed in the ESIt is the first explanation based on chemical
kinetics. Conversely, when k # k., indicating a cooperative bind-
ing, the distribution shifts. This new distribution can be approxi-
mated using the recursive formulas and the solution for the
temporal evolution of the different species provided in the ESLT
The key parameter in this model, g, is defined as:

— (X
a= nkC

This parameter a essentially represents the expected number of
NPs per vesicle under equilibrium, at the end of the irreversible
reaction. It is important to note that a is influenced by two main
factors:

(i) NP/vesicles ratio: the higher the [NP]/[Ves] ratio, the
larger is the probability that several NPs are on the same
vesicle.

(ii) Ratio k/k.: this ratio increases with salt concentration, as
shown in Fig. 6, influencing the degree of cooperativity in
binding. The smaller this ratio the higher the cooperativity,
suggesting more clustered binding under lower salt concentra-
tions. In the case of k/k. = 1, a will tend to [NP,]/[VeStor)-

At low [NP,]/[Ves] ratios (0.5 in Fig. 7) the excess of
vesicles tends to favour individual nanoparticles binding to
separate vesicles rather than forming large clusters, except
under highly cooperative conditions induced by very low k/k,
which are found at low salt concentrations. Conversely, at high
[NPJ/[Vesio] ratios, there’s a sufficient number of nano-
particles to ensure that a non-cooperative binding leads to

&[NPy
ke [Vesior]

©)

cooperativity

-+

100 NPs/ves

10 NPs/ves

0.5 NP/ves
0 T T L
0.001 0.01 0.1 1

kik

C

mean number AuNP on a vesicle

Fig. 7 Theoretical predictions of the expected number of NPs per vesicle
(a in egn (9)) across a wide range of k/k. ratios from 0.001 to 10 for three
different ratios of NPs to vesicles: 0.5 (black line), 10 (red line), and
100 (blue line). The two vertical dashed lines indicate the range of KCl
concentrations explored in the study, with the left line at 0.025 mM and
the right line at 10 mM.
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several particles on all the vesicles. In this case, a moderately
cooperative binding, leading to larger clusters on a few vesicles
and leaving others empty, can reduce the mean occupancy of
the vesicles. For strongly cooperative binding, the presence of
large enough AuNP clusters on a few vesicles raises the mean
occupancy of vesicles again, resulting in a parabolic trend of
the occupancy as function of the cooperativity (k/k.).

These dynamics are depicted in Fig. 7 for [NPy]/[VeSio] = 10
and 100, and qualitatively align with experimental observations
of NP aggregation on vesicles across varying salt concentrations
as shown in Fig. 3.

The agreement between our model and experimental data is
fundamentally qualitative. The AI measured in this study is a
limited descriptor because it does not provide detailed infor-
mation about the size of the clusters or the mean occupancy of
the vesicles by nanoparticles. Comparing the experimental data
(Fig. 3) and the outcome of our kinetic model (Fig. 7), it is
evident that the main discrepancy relates to the range of k/k.
As seen in Fig. 6, the kinetic model predicts a broad parabolic
behaviour extending from k/k. = 0.001 to 1. However, our
experimental data exhibit this parabolic trend within a much
narrower range, specifically from k/k. = 0.5 to 0.9 (corres-
ponding to a [KCI] range from 0.025 mM to 10 mM), as
indicated by the two dotted vertical lines in Fig. 7.

This narrow experimental range suggests a fundamental
issue in how k. is calculated, particularly the assumption that
the rate constants for the formation of clusters (j-mers) are the
same as those for dimerization, shown in Fig. 5B. Given that
van der Waals (vdW) attractions typically increase with the
mass of interacting bodies, we expect that interactions invol-
ving a dimer and a free AuNP would be significantly stronger
than those between a single AuNP on a vesicle and another free
AuNP. If we could more accurately calculate k., taking into
account the enhanced vdW attractions for larger clusters, we
might find that the lower range of our observed [KCI] concen-
tration, specifically at 0.025 mM corresponding to k/k. = 0.5,
would shift to a considerably lower value. Such a correction
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would potentially improve the alignhment between the observed
experimental trends and our theoretical predictions, showing a
broader agreement across the examined KCl concentrations.
Unfortunately, this increased complexity in the interactions
leads to a kinetic model that is not analytically tractable,
pointing to the need for computational simulations to better
handle these dynamics.

The scenario with a low ratio [NP/[Veso] = 0.5 is the best
matching between model and the experimental observations.
This is likely because, at such a low NP to vesicle ratio, the
aggregation is limited to small clusters (mainly dimers). Know-
ing the [Ves;] distribution (eqn (S7) in the ESIf) and the
expected occupancy value (eqn (9)), it is possible to evaluate
the fraction of NP forming clusters of j-NPs per vesicle as:

v JVes] a7k k NPl
PNeU) = iVesal = G- 1)!/;6""{‘/2 [Vestm]} "

Fig. 8A illustrates these calculations for a [NP,]/[VeSi] = 0.5
across increasing KCl concentrations, reflecting a range of
increasing k/k. ratios. Additionally, the Poisson’s distribution
for non-cooperative binding (k/k. = 1) is shown as green dots for
comparison. At the lowest KCl concentration of 25 uM, repre-
sented by purple histograms, the probability of a vesicle carry-
ing a single nanoparticle is 0,4, which is lower than the 0,6
probability expected under non-cooperative conditions (green
dots). On the contrary, the probability of forming clusters of 2,
3 or 4 AuNPs at the same KCIl concentration, exceeds the
predictions of a simple Poisson distribution, indicating a
higher propensity for cluster formation. In Fig. 8B, the prob-
ability to find clusters of NPs (Pyp(j > 1) = 1 — Pyp(1)) is
reported as a function of the KCI concentration. As the KCI
concentration increases, leading to k/k. ratios approaching 1,
the probability of single AuNP attachment grows, while larger
clusters diminish, aligning closer to the limit non-cooperative
probability of 0.4 (Fig. 8B). This trend is consistently observed
as KCI concentrations increase, demonstrating better alignment

04 T T r
0.1 1 10

[KCI] /mM

(A) Histograms showing the distribution of nanoparticle clusters on vesicles at a constant ratio of 1 NP to every 2 vesicles, across increasing salt

concentrations from 0.025 mM to 10 mM KCl, represented by bars in colours ranging from purple (low concentration) to pink (high concentration).
The green dots overlay the theoretical Poisson distribution where no cooperativity is assumed, illustrating the expectation for random NP distribution.

(B) Fraction of NPs forming clusters as a function of KCl concentration.
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with the Poisson distribution predictions represented by the green
dots, especially as the k/k. ratio approaches unity.

Conclusions

Gold nanoparticles prepared by PLAL without organic capping
agents spontaneously adsorb to phospholipid vesicles. At low
ionic strength, this adsorption leads to the cooperative aggre-
gation on AuNPs on the vesicle surface. This means that the
binding of a AuNP to a vesicle is favoured when another AuNP
is already bound, resulting in a faster aggregation compared to
binding to an unoccupied vesicle.

When the NP to vesicle ratio is <1, AuNP aggregation is
observed only at low ionic strength (below 1 mM). However, for
ratios NP/vesicles > 1, aggregation is evident at both low and
high electrolyte concentration but is minimal at intermediate
concentrations (0.1-1 mM). Under all these conditions, the
AuNPs do not aggregate in absence of vesicles.

This behaviour is quantitatively explained using a model
that incorporates the DLVO theory, considering the EDL attrac-
tion between objects with the same sign of the electrostatic
potential but very different magnitudes. The significant mis-
match between the experimental values of the zeta potentials of
the vesicles ({y = —6 mV) and the AuNPs ({xp = —50 mV) induces
a net attraction, facilitating the first binding of AuNPs on the
vesicle surface.

Moreover, the thermodynamic aspect of AuNP aggregation
on lipid vesicles is primarily governed by EDL interactions,
which are largely entropic (osmotic) in nature. To explain the
cooperativity in subsequent binding events, we propose that
upon binding to the vesicle bilayer, the AuNP releases most of
its adsorbed anions, reducing its negative potential. This
results in an almost neutral AuNP on the vesicle surface, which
interacts attractively with the negatively charged AuNPs in
solution through EDL interactions. However, once the first
NP is attached to the vesicle and has partially lost its charge,
the van der Waals component of the DLVO theory, which is
inherently enthalpic, becomes more significant, making the
process an interplay between EDL (entropic) and van der Waals
(enthalpic) interactions. The Hamaker constant for gold-gold
interactions is much larger than for phospholipid-gold inter-
actions, making the attraction leading to AuNPs dimer formation
on the vesicle surface much stronger than the initial binding.
Consequently, the rate constant for AuNP dimerization (k) on the
vesicle surface is larger than that for the initial binding (k). This
disparity increases with decreasing ionic strength, justifying the
observed cooperativity of AuNP aggregation at low electrolyte
concentrations.

These results can be introduced in a minimal kinetic model
that accurately describes the results obtained for AuNP/vesicles
ratios <1, where dimers are the main aggregate species. For
larger ratios the model provides only qualitative agreement.

Our results not only advance the fundamental understanding
of nanoparticle-vesicle interactions but also highlight the signi-
ficance of electrostatic interactions in biological systems,
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particularly where one surface is charged, and the other is nearly
neutral. This physics, previously developed for studying hetero-
aggregation and deposition rates involving asymmetrically
charged particles and surfaces, has been underexplored in
biological contexts.

Several biological systems, such as the initial binding of
negatively charged bacteria to negatively charged surfaces in
biofilm formation, could exhibit similar attractions between
like-charged objects. Our investigation suggests further strate-
gies for controlling nanoparticle assembly in both biological
and synthetic systems by manipulating ionic strength.

Materials and methods
Synthesis of PLAL AuNPs

The AuNPs were produced by PLAL as described in detail in
ref. 42 using a gold target (99.999%, Kurt J. Lesker Company)
immersed in ultrapure water (HPLC Plus water) containing KCl
100 pmol L™, The laser, with a nominal pulse duration of 8 ns,
operated with a 1064 nm laser wavelength, with a fluence of
64 ] cm 2 and a laser frequency of 10 Hz. After synthesis, AuNPs
solution shows also the presence of small aggregates with
a fractal structure stabilized by strong long-range repulsive
interactions.*® To remove these structures, we perform a cen-
trifugation step of the solution obtained from ablation (10 min
at 12000 rpm in a bench-top Eppendorf centrifuge), which
allows separation in the pellet of the aggregates leaving mono-
dispersed AuNPs in solution.

AuNPs concentration was evaluated from the SPR spectrum
as described by Haiss et al.**

Vesicles preparation

Vesicles were prepared using the lipid film hydration method
described elsewhere*® with slight modifications.

200 puL of a 50 mM soybean phosphatidylcholine (PC)
solution (in a mixture of chloroform/methanol in a 3:1 ratio)
were withdrawn, diluted to 3 ml with the same organic mixture
and deposited into a 25 mL round-bottom flask. The lipids were
dried in a rotavapor for 4 hours at 30 °C. Hydration of the dry
lipid film was achieved by adding 1 mL of filtered (with 0.22 um
cellulose acetate) HPLC water to obtain a final concentration
of 10 mM PC. The mixture was vortexed for 1 minute every
5 minutes over the course of 1 hour to facilitate swelling and
complete resuspension of PC from the flask wall, resulting in
the formation of multilamellar vesicles. The vesicles suspen-
sion was left refrigerated overnight for stabilization and finally
extruded 30 times through a 100 nm pore size membrane filter
using an Avanti Polar mini extruder. This procedure allowed
the formation of unilamellar vesicles with a diameter of about
120 nm.

Liposome-NP mixtures

The experimental setup was designed to explore the interactions
between the vesicles and AuNPs at different NP to vesicles ratios
and varying concentrations of KCl, starting from 0.025 mM.
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The samples were organized into three distinct series, each
defined by a constant but different ratio of NP/vesicles (0.5, 10
and 100). Each sample was prepared by a first addition of KCI to
the water, in order to vary the final KCIl concentration from
0.025 to 10 mM. Subsequently, vesicles were added to the KCI
solutions. The concentration of the vesicles differed depending
on the NP/vesicles ratio:

e For a ratio of 0.5 NP/vesicles: [lipids] = 400 pM

e For a ratio of 10 NP/vesicles: [lipids] = 20 uM

e For a ratio of 100 NP/vesicles: [lipids] = 2 uM

The final step was the addition of AuNPs to the mixtures,
which was consistently maintained at 2 nM across all series.
The complete mixtures were prepared in 96 wells microplates
with a final volume of 300 pL. All samples were prepared in
quintuplicates to ensure statistical reliability and reproducibi-
lity of the results. Alongside the experimental samples, a blank
series was also prepared for each salt concentration to confirm
that any observed aggregation was due to the presence of the
liposomes and not merely a consequence of the presence
of KCL

The visible spectrum of the SPR of AuNPs was registered in
cuvettes using an Agilent 8453 UV-Visible spectrophotometer
or using spetraMax iD5 Microplate Reader from Molecular
Devices. Dynamic light scattering (DLS) and by laser Doppler
electrophoresis (LDE) measurements have been performed
using a Zetasizer-Nano ZS from Malvern Instruments. The
zeta-potential was subsequently evaluated from the electro-
phoretic mobility measured by LDE according to the Hiickel
approximation.
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