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phase diagram and on the additional properties contributed by the NPs. Then, we present the latest

developments on the use of lipid bilayers as coating agents for inorganic NPs. Finally, we remark on the
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1. Introduction

Lipid bilayers are ubiquitous structural motifs in natural and
synthetic soft matter assemblies. Their interaction with nanos-
tructured matter, and in particular with nanoparticles (NPs), is
therefore of interest both for natural and engineered systems.
In addition, the shared length and energy scales, combined
with the peculiar properties of inorganic matter at the nano-
scale, can be harnessed to use NPs to probe selected physical
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main achievements of the last years and our vision for the development of the field.

properties of membranes or to modify the amphiphilic phase
diagram under external stimuli.

In this contribution we will review the state of the art
concerning research on hybrid soft matter assemblies
composed of inorganic NPs and synthetic lipid bilayers, either
in lamellar or non-lamellar arrangement.

This topic is currently a very active area of research, with
implications ranging from the design of smart nanostructured
hybrid devices, where nanoparticles are included or functionalized
with lipid bilayers, to the quest for mechanistic understanding
of events taking place at the nano-bio-interface, relevant for
nanomedicine and toxicity of nanomaterials.
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This review will focus on some selected classes of inorganic
nanomaterials, namely metals (Au and Ag), metal oxides
(like iron and zinc oxide) and silica NPs. The interaction of
several other kinds of nanomaterials with lipid bilayers has
been described in the literature and we refer the readers to
some excellent recent reports on these topics.'™®

In this contribution, particular attention will be devoted to
non-covalent interactions that take place when NPs and lipid
bilayers are put into contact. Understanding the nature and the
key determinants of these interactions is instrumental both for
fundamental and applied soft matter research.

This review is organized as follows: a short theoretical
section will introduce the main energetic contributions at stake
when NPs interact with lipid bilayers (Section 2). Then, we will
provide an overview of the most relevant studies which have
recently addressed the interaction of NPs with synthetic phos-
pholipid bilayers, meant as simplified and highly controllable
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mimics of cell membranes (Section 3). In this section, we will
emphasize some examples where the investigation on model
systems contributed disclosing non-covalent interactions at
play in living systems. Then, we will review (Section 4) the
design of hybrid nanostructured materials composed of lipid
bilayers and inorganic nanoparticles, with particular emphasis
on the effects on the amphiphilic phase diagram and on the
additional properties contributed by the NPs. Then, we will
present the latest developments on the use of lipid bilayers as
coating agents for inorganic NPs (Section 5), whose aim is the
improvement of dispersibility, biocompatibility and pharmaco-
kinetic properties. Finally, a conclusive Section will remark the
main achievements of the last years and our vision for the
development of the field.

2. Interaction of nanoparticles with
lipid membranes: the role of non-
covalent forces

In this section we will consider the events following the exposure
of a free-standing synthetic lipid bilayer to NPs, by outlining the
different contributions to the total interaction energy.

2.1 Theoretical description of NPs-lipid membrane
interaction

The interaction between a NP and a lipid bilayer might lead
to NP’s adhesion on the bilayer, which can be followed by
partial or total engulfment by the membrane. In a well-defined
medium and at a given temperature, the NP docking to lipid
membranes is thermodynamically favoured if the adhesion
energy E,qn < 0, i.e., if the attractive terms overcome the repulsive
ones. Considering a prototypical model of a bioinorganic inter-
face, with a spherical NP of radius R, interacting with a liposomal
membrane with curvature 1/R,, the energetic balance between
repulsive and attractive forces can be approximately described
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by a classical DLVO (Derjaguin-Landau-Verwey-Overbeek)
formalism, as in eqn (1), including only the electrical double
layer (E¥") and the London-van der Waals (E*%) contributions to
the total energy of adhesion:

Eqan = E** + E™W (1)

where the terms E™", derived as a combination between the
linear Debye-Huckel and the Derjaguin approximations and
valid for surface potentials <25 mV, and E*" are described in
eqn (2) and (3), respectively:°
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where /,* and v,> are the surface potentials of the NP and the
membrane, d the NP-membrane distance, k the Debye length,
h the membrane’s thickness, and A4 is the Hamaker constant.
Although the DLVO theory generally succeeds in predicting the
colloidal stability of hard colloids (e.g., inorganic NPs) suspended
in a liquid medium, it often fails in describing the interaction
of NPs with free-standing bilayers; a more comprehensive
description for E.,q, includes additional repulsive hydration
forces establishing at short NPs-membrane distances, as well
as hydrophobic NP-lipid chain attraction (the interested reader
is referred to a recent report for the analytical expression of the
these two supplementary energetic contributions®).

Once the NP is adsorbed onto the lipid surface (i.e., Eaqn < 0),
the elastic properties of the membrane comes into play, and
their balance with the adhesion forces determines the degree
of membrane deformation and NP’s wrapping. Specifically,
the energetic gain due to the adhesion forces is maximized
by increasing the contact area between the NP and the lipid

membrane, according to eqn (4):'°

SL

ad
Eaqn = 7WJ ds (4)

0

with w adhesion energy per unit area and S,q4 the contact area
between the membrane and the NP. On the other side, the
NP’s wrapping is associated with a free energy cost of imposing
membrane deformation (E.), which is expressed through the
Cahnam-Helfrich-Evans formalism:"°

S
Ey— J Ay + 2kn(H — o) +5K 5)
0

with S the entire interfacial area.

As we can see from eqn (5), the deformation penalty depends
both on the membrane’s topology, through the mean H and
Gaussian K curvatures, and on the interface’s mechanical and
elastic properties, expressed by the surface tension 7, bending
rigidity kg, spontaneous curvature ¢, and Gaussian saddle splay

modulus k. It is the fine interplay between E,q, and E that
ultimately defines the NP-membrane arrangement which

This journal is © The Royal Society of Chemistry 2019
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minimizes the system’s energy, ranging from completely
unwrapped NPs (e.g., for small nanoparticles and/or weakly
interacting with the lipid phase), to larger and/or strongly
adhered nano-objects, eventually fully engulfed by the lipid
membrane (see Fig. 1A).

Based on the above treatment, we will now discuss the several
NPs- and membrane-related factors implicated in this inter-
action, with particular attention on size, shape, surface coating
of NPs and NP-NP correlations; on the “membrane” side, we will
take into account some selected physicochemical properties and
the zero or non-zero curvature.

Depending on their size, the adhesion of NPs on a target
planar membrane can result in different effects: small NPs can
either remain embedded in the lipid membrane or directly
diffuse through it; relatively larger particles (>10 nm) can be
wrapped by the membrane.'" This process is finely controlled
by the energetic balance between the adhesion forces (eqn (4))
and the membrane’s elastic deformation penalty (eqn (5)),
leading to an optimal size for wrapping, as first observed by
Roiter et al.'? In particular, two characteristic NPs’ limiting
radii for a successful engulfment by lipid membranes can be
theoretically predicted:"°

2k
Riw = 6
k Eqan ©)
2k
R, = | —— 7
K Eaqn — v @

within the bending-dominated regime (i.e., for relatively small
membrane’s deformation), the membrane tension can be
neglected, and the wrapping process is mainly controlled by
the competition between membrane’s bending and NP’s adhe-
sion strength, defining a critical radius Ryy. NPs with R < Ry,
remain unwrapped, while larger NPs (R > R,,) are fully engulfed
inside the lipid scaffold. For larger membrane’s deformation
(e.g., induced by micron-sized particles), a characteristic length
scale . = (2kp/y)"?, which depends solely on membrane’s
properties, marks the crossover from the bending-dominated
to the stretching-dominated regime®'® (Fig. 1B), where the
v-dependent wrapping extent gradually increases with NP’s size.
The full engulfment is reached for a second crossover NP’s
radius Ry, (eqn (7)), representing a larger NP’s limiting size,
which is required for the internalization in the case of finite
tension-membranes.

2.2 Key NPs features in the interaction with lipid membranes

Concerning NPs shape, the increase of the surface area/volume
ratio from spherical to asymmetrical NPs (e.g., nanorods,
nanoprisms and nanocubes), maximizes the surface available
for absorption onto lipid membranes (eqn (4)), enhancing their
reactivity;'* on the other side, the local particle’s surface
curvature is predicted to increase the energy barrier associated
to membrane’s deformation, stabilizing partial-wrapping states
also for tensionless membranes.”*® Moreover, the interaction
of asymmetric NPs with target lipid membranes can lead to

Soft Matter, 2019, 15, 8951-8970 | 8953
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Fig. 1 Theory of NPs—lipid membranes interactions. Panel A: illustration of the three possible configurations for a NP interacting with a lipid membrane:
from left to right, (i) NP free in the environment (repulsive contribution to the NP-bilayer total interaction overcoming the attractive one), (ii) NP’s
adhesion to the membrane, causing NP's partial wrapping and (iii) NP's full engulfment (strong attractive NP—bilayer forces). Readapted from open access
ref. 13. Panel B: illustrative picture representing unwrapped, fully wrapped and different wrapping degree-intermediate configurations for a NP interacting
with a fluid interface. Reproduced from ref. 101 with permission from The Royal Society of Chemistry. Panel C: ellipsoidal NP's reorganization from a side-
oriented configuration, adopted during the wrapping process, to a tip-oriented configuration, minimizing the energy required for full NP's engulfment
and internalization. Reproduced from ref. 16 with permission from The Royal Society of Chemistry. Panel D: illustrative picture of (from left to right) a
single NP wrapped by a fluid interface, two and three NPs wrapped in a membrane tube. Reproduced from ref. 101 with permission from The Royal

Society of Chemistry.

preferential wrapping orientations, to minimize the energy cost
for wrapping™®'® (see Fig. 1C). Eventually, the asymmetric shape
of NPs can drive peculiar self-assembly phenomena at the nano-
bio interface, some examples of which are given in Section 3.
The NPs surface functionalization represents another
important factor affecting the interaction with membranes; in
particular, NPs surface charge has a major impact on adhesion
both onto charged and zwitterionic interfaces, setting the sign
and magnitude of the electrostatic long-range contribution
of (eqn (1)).>»'”*' Furthermore, the adhesion of charged NPs
to a target membrane is also associated to an entropic gain,
deriving from the release of small counterions from the NP
surface®® (see Fig. 1D). On the other side, the presence of
polymeric steric stabilizers on the NPs surface, like for PEGylated
particles, often decreases the adhesion energy; this effect can be
understood considering the mobility loss experienced by the
polymer chains approaching the lipid surface, which entails
a considerable entropic penalty for membrane adhesion.
Moreover, NPs’ surface functionalization determines their polarity,
which is key in controlling their spontaneous localization when
challenging a free-standing lipid membrane: generally, hydrophilic
nanomaterials with size larger than 10 nm reside at the membrane
surface, with the possibility to be partially or fully wrapped by

8954 | Soft Matter, 2019, 15, 8951-8970

the membrane. Conversely, depending on their hydrophobicity,*
small particles can either spontaneously cross**** or be entrapped™*
within the lipid membrane, provoking an alteration of the
bilayer’s frustration packing energy.>*!

Eventually, interparticle forces between different membrane-
bound NPs may originate cooperative phenomena, ultimately
leading to the simultaneous wrapping and engulfment of multiple
NPs (see Fig. 1D), which will be discussed in detail in Section 3.

2.3 Key membrane features in the interaction with NPs

Membrane-related characteristics have a crucial role in the
interaction with NPs. In particular, the composition of lipid
bilayers determines specific physico-chemical, viscoelastic and
thermodynamic properties of relevance in the interaction with
NPs. Membrane’s surface potential, determined by the percen-
tage of non-ionic, anionic and cationic lipids, strongly affects
the electrostatic contribution to NPs adhesion (eqn (1)), while
the presence of specific components (e.g., cholesterol) and their
relative abundance, give rise to characteristic behaviours, which
will be extensively discussed in Section 3.

Equally important, the molecular geometry of the membrane’s
components determines the equilibrium arrangement of lipids
within the bilayer. The molecular packing represents the main

This journal is © The Royal Society of Chemistry 2019
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factor affecting both the physical state and the overall topolo-
gical curvature of membranes, which are two prominent deter-
minants in the interactions with nanomaterials.

In particular, the interactions at the nano-lipid interface is
extremely affected by the gel-liquid crystalline phase behaviour of
lipid membranes: by increasing temperature, lipid bilayers undergo
a main phase transition from the so-called “gel state” (Lg), where
hydrocarbon chains are tightly packed and almost locked in place,
to a “fluid state” (L,), where lipids freely diffuse within the 2D
membrane’s plane. The “melting transition temperature” (T,,) is
specific for a given lipid composition and determines the elastic
response of membranes at a given temperature. In particular, gel
phase bilayers show a reduced reactivity with nanomaterials, mostly
due to the high value of their bending rigidity (kg) with respect to
the fluid phase,” which strongly hampers the membrane’s bending
and wrapping around NPs (see eqn (5)-(7)). On the other side,
the interaction with NPs, which can proceed through polar
headgroups (hydrophilic NPs) or hydrophobic chains (hydro-
phobic NPs), might affect the lipid molecular packing, leading
to micro and macroscopic modifications in the membrane
structure and thermotropic behaviour (specific examples will
be provided in the following Section).

As predicted from eqn (5), the membrane’s topology plays a
crucial role in its elastic response to NP’s induced deforma-
tions. Although lipid membranes are generally visualized as flat
bilayers (H and G in eqn (5) equal to zero), both biomembranes
and synthetic lipid assemblies may fold into more organized
non-lamellar bilayered structures.>” The interaction of nano-
materials with such non-lamellar structures may have a noteworthy
relevance both for biomimetic and technological applications,**"*
(as discussed in details in the following Section) while it
remains, to date, a highly unexplored research area.

Differently from planar membranes, curved membranes are
defined by positive (direct phases) or negative (inverse phases)
mean curvature (H) and non-zero Gaussian curvature (K)** in
each point of their surface, with H and G described by eqn (8)
and (9), respectively:

H=3c+e) ®)

K =0, 9)

with ¢; and ¢, minimum and maximum values of curvature at a
specific point of membrane surface.

The non-zero values of H and K lead, as predicted from
eqn (5), to a modification of their Helfrich energy and elastic
response towards externally induced deformations (e.g., NPs’
wrapping) with respect to the case of lamellar membranes.
Moreover, different topologies are associated with a frustration
packing free energy (Ep), which varies according to eqn (10):*

Ep=k(1 - 1) (10)

with k stretching rigidity of lipid chains, / and /. hydrophobic
chain extension in the stretched and relaxed state, respectively.
Phase transitions between different geometries, including
changes in both elastic and frustration packing energies, have

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Effects of NPs on lipid mesophases architectures. Illustrative
scheme of the NP-induced modification of the Frustration Packing Energy
of both cubic and hexagonal mesophases.

high biological relevance, sharing similar energy barriers and
molecular re-arrangements with membrane fusion processes.®”
Several recent studies, which will be addressed in Section 4,
demonstrated that both hydrophilic and hydrophobic NPs
can promote phase transitions between model mesophases
with different geometry,>>*”***~*! Jowering the energy barrier
required to switch from low to high curvature phases. One of
the first attempts to elucidate this effect is represented by
recent works,*>*> where the transition temperature from cubic
to hexagonal phases in monoolein liquid crystals is demon-
strated to be finely controlled by inclusion of hydrophobic iron
oxide NPs (see Section 4). This behaviour was explained by
combining the Helfrich theory in eqn (5) with geometrical
considerations: NPs increase the frustration packing energy of
the cubic phase (eqn (10)), while they have a milder effect on
the hexagonal arrangement, by inserting into its hydrophobic
voids (see Fig. 2).

In the framework of this theoretical description, in recent
years the interaction of NPs with lipid membranes has been
explored with different approaches and for different purposes:
from fundamental studies employing lipid bilayers as biomi-
metic platforms of tuneable physicochemical feature for inves-
tigating the interaction with prototypical nanoparticles, aimed
at a better understanding of the efficiency and possible adverse
effects of nanomaterials designed for biomedical applications,
to applicative studies, where the interaction of NPs and lipid
membranes is exploited for analytical purposes; from the
engineering of lipid assemblies with NPs inclusion, in order to
form smart hybrid materials for applications in materials science,
to the functionalization of NPs with a lipid coating, to improve
their biocompatibility and pharmacokinetic properties.

In Section 3 we will review the interaction of NPs with
synthetic lipid bilayers, taken as simplified models of real
plasma membranes: in line with Section 2, we will consider
the main physicochemical factors, either related to NPs or to
the lipid membrane, affecting the interaction under simplified
conditions. We will provide relevant examples from the recent

Soft Matter, 2019, 15, 8951-8970 | 8955
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literature, highlighting the connections, whenever they are
relevant, between the findings on cell models and the in vitro/
in vivo observations.

3. NPs/biomembrane interactions:
from biophysical studies of nano—bio
interfaces to applications

One of the main issues limiting the development of nanomedicine
and the translation of engineered nanomaterials into medical
practice, is the poor understanding of their fate in biological
fluids, and their short-term and long-term possible adverse
cytotoxic effects.’”*>™*° Recent reports have also highlighted
how nanodevices designed for nanomedicine applications,
whose functionality/efficiency has been proved at the lab-scale,
completely fail reaching their biological targets once in a living
organism.”® As a matter of fact, to date, nano-therapeutics
available on the market are mainly limited to polymeric- and
liposomal-based formulations,*** while, apart from some iron
oxide NPs-based formulations, inorganic and metallic particles
are at research stage or in clinical trials.>® With the ultimate aim
to fill the gap between the design/synthesis/development of
nanomaterials for nanomedicine and their end use application,
it is necessary to improve our fundamental knowledge on the
interaction of nanomaterials with biologically relevant inter-
faces, particularly, cell membranes.

Plasma membrane, primarily composed by a mixed phospho-
lipid bilayer with embedded proteins, protects the cell interior
and ensures its communication with the external environment.
The mechanisms of cell signalling processes are extremely
complex and length scale-dependent, with smaller molecules
spontaneously crossing the lipid barrier and larger and/or polar
molecules harnessing protein-mediated transportations across
the membrane.™® The nanoscale, shared by engineered particles
and biologically relevant macromolecules (i.e., DNA, viruses,
surface proteins), is mostly associated with endocytic pathways,
where the internalisation of nano-objects is generally controlled
by the membrane through specific receptor-protein binding for
the case of biological species.”*> However, it has been demon-
strated that synthetic NPs can be wrapped and internalized by
both model and real cell membranes in the absence of any
receptor-mediated interaction,***>>® under exclusive control of
non-specific interactions taking place at the nano-bio interface,
and membrane’s elasticity.

In this context, synthetic lipid membranes (together with
more complex systems, as organ-on-a-chip and 3D cells arrays,
mimicking an entire tissue®”’), are interesting biomimetic systems,
which, by mimicking the main structural unit of plasma mem-
branes, allow investigating phenomena at the nano-bio interface
in simplified and highly controlled conditions.****"*

In recent years, both experimental and theoretical studies
have addressed the interaction of NPs with synthetic lipid
membranes, aimed at establishing clear connections between
the results in simplified model systems and what observed in
real cells, in order to enabling predictive strategies for the

8956 | Soft Matter, 2019, 15, 8951-8970
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design of evermore efficient and non-toxic nanomaterials for
nanomedicine.

In the following sections recent relevant studies on NPs-
synthetic lipid membranes interactions, together with their
implications for the understanding of real nano-bio interfaces,
will be revised, particularly focusing on: the effect of NPs coating
(surface charge, exchangeability of the ligand, steric hindrance
of the coating, impact of the protein corona) (Section 3.1); the
effect of NPs size and shape (with particular interest on the
relevance of NPs clusterization in cell uptake) (Section 3.2);
the effect of NPs adhesion on the composition, integrity and
viscoelastic properties of the target membrane (Section 3.3). In
addition, the interaction of inorganic NPs and lipid membranes
has been exploited for analytical purposes, in order to label/
signal/probe selected properties of cells or lipid assemblies in
complex biological media, both exploiting specific and non-
specific interactions of NPs with the target membranes. This
latter research field will be reviewed in Section 3.4.

3.1 Biophysics of nano-bio interfaces: NPs coating

3.1.1 NPs surface charge. The intrinsic characteristics of
NPs (i.e., core composition, size, shape) often have a secondary
impact on the interaction with a target lipid membrane, which
is primarily mediated by the ligands coating the NP’s surface:
the surface characteristics of NPs determine polarity and inter-
facial properties, directly involved in the electrostatic and
London-van der Waals contributions to NPs’ adhesion to a
lipid interface (see Section 2.1 for the theoretical background).
The interaction of NPs with target membranes is primarily
affect by the charge of both components (see eqn (2)). In order
to closely resemble real plasma membranes, most of the
employed model bilayers in biomimetics are characterized by
a zwitterionic or slightly anionic nature. Therefore, negatively
charged NPs tend to be electrostatically repelled from the
membrane, undergoing to weaker interactions with respect to
cationic ones: remarkably, this is also observed for real cell
membranes, where the uptake is generally much lower for
anionic NPs than for cationic ones.’* ®! However, the situation
of real cells is complicated by the presence of other interaction
pathways of specific nature, representing an alternative with
respect to non-specific forces. Several studies have highlighted
that nonionic, anionic and cationic NPs of similar sizes undergo
different internalization routes, from clathrin- or caveolae-
mediated endocytosis to non-endocytic pathways, like passive
diffusion.®*®® Even if characterized by limited interaction cap-
ability, yet anionic NPs are attractive for biomedical applica-
tions, due to limited adverse cytotoxic effects. In addition,
despite the dominantly repulsive electrostatic forces, several
reports have shown successful internalization of anionic NPs,
as silica or Gold NPs (AuNPs).**®® Conversely, cationic NPs
have a strong tendency to interact with negatively charged
membranes: it has been shown that cationic NPs adhere and
clusterize onto synthetic target membranes, extract lipids from
the membrane, ultimately provoking localized membrane dis-
ruption or integrity loss.*>*>®” In line with this findings, they are
often characterized by limited stability in biological media and,

This journal is © The Royal Society of Chemistry 2019
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above all, relevant toxic effects on real cells.'**®*° Recently,
Lee et al.”® hypothesized, by means of a systematic study using
a charge library of modified AuNPs, that the magnitude of the
positive charge is not the sole factor determining the extent of
interaction with target membranes and, thereby cytotoxicity.
They conclude that spatial proximity of positively charged
functional groups within a hydrophobic moiety is a common
characteristic of toxic gold colloids.

3.1.2 NPs coated with steric stabilizers. A common strategy
to increase the colloidal stability of NPs in biological media
consists in the passivation of NPs with bulky ligands, to endow
them with steric stabilization. This kind of coating also
improves the pharmacokinetic properties of NPs: for instance, it
is well known that PEGylation prevents opsonisation, improving
the circulation time of the nanomaterial. This stealth effect of PEG
in preventing opsonisation depends on its steric hindrance: it has
been shown that both NPs uptake and circulation time depend on
the molecular weight of PEG coating the NPs.”" Moreover, thanks
to molecular dynamic simulations, Lin et al”? elucidated the
effect of both the grafting density and polymer’s chain length
on the shielding ability of PEG layers bounded to gold NPs of
varying size. Similar examples of steric stabilization of NPs have
recently been proposed by Jiang and co-workers, who have
employed poly(zwitterionic)protein functionalization (for instance
poly(carboxybetaine)) to improve pharmacokinetic properties of
NPs,”>”* while other examples of polyzwitterionic coatings are
poly(acrylic acid) derivatives, poly(maleic anhydride-alt-1-alkene)
derivatives or poly(sulfobetaine) derivatives, which offer several
advantages over PEGylation (see as a reference the Review from
Garcia et al.”®).

PEGylation or steric stabilization affects the interaction of
NPs with synthetic target membranes, with possible implica-
tions also at the real membranes’ level. Indeed, the use of steric
stabilizers, like PEG, is theoretically predicted to decrease the
adhesion of NPs to lipid membranes, due to the high entropic
loss associated to the adsorption process (see Section 2).

In a recent study,” through large scale molecular dynamic
simulations, Gal and coworkers extensively characterized the
interaction of PEGylated SPIONs of different size with both
synthetic membranes of different composition and real cancer
and kidney cells. In the frame of classic DLVO theory (Section 2),
they presented a direct comparison of NP-synthetic and real
membrane interactions, linking weak NP adsorption to anionic
lipid membranes, due to NP-bilayer electrostatic interactions,
with eukaryote cell uptake, without membrane penetration.
Moreover, they showed that the NP-membrane electrostatic
attraction is suppressed by increasing PEG molecular weight
and NP size, which they correlated with low cell uptake and no
cytotoxicity in two cell lines.

A common strategy to circumvent the poor ability of steric-
stabilized NPs to interact with cells via non-specific interac-
tions, limiting their cell uptake and therapeutic/diagnostic
efficiency, is to exploit the NP-membrane specific interactions,
which are available for the case of real plasma membranes:
endowing NPs surface with targeting moieties, might result in
promoting the effective docking of NPs on cell membranes and
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improving the successful achievement of their biological target.
For instance, in a proof-of-concept study it was shown that
adding biotin or streptavidin moieties allows specific binding
of polymer-coated NPs to beads carrying the complementary
unit;”® Kaaki et al’” highlighted the efficient targeting of
human breast carcinoma cells by folic acid-conjugated iron
oxide NPs with a PEG coating. However, partially contradictory
results were obtained by Krais et al. on similar system, where no
folate-dependent targeting was highlighted.”®

3.1.3 NPs coating with exchangeable ligands. The binding
mode and strength between the NPs and the coating agent
determine both single NP-membrane interactions and collec-
tive NP-NP interactions at the nano-bio interface: physisorbed
ligands, which can be easily displaced from the NP’s surface
through ligand-exchange, are associated to enhanced reactivity
of NPs, which can be considered as “naked”. Recently, hydro-
phobic physisorbed ligands, i.e., oleic acid/oleylamine coatings
on iron oxide NPs, have been associated to small NPs’ pearl-
necklace aggregation inside monoolein bilayers.>® Moreover it
has been shown that hydrophilic weakly absorbed ligands on the
surface of AuNPs can promote peculiar aggregation phenomena
occurring on the lipid membrane,'®'® which are particularly
significative also for the case of repulsive NPs/membrane
electrostatic interactions (e.g., between negatively charged
gold NPs and slightly anionic synthetic free-standing bilayers).
Moreover, weakly bound physisorbed ligand onto the NPs
surface can be easily replaced with other molecules establishing
covalent or stronger non-specific interaction with the bare NPs
surface: remarkably, it has been recently demonstrated by Wang
et al.,”® that weak ligands, as citrate and short DNA fragments
onto the gold surface, can be effectively replaced with lipid
components of cell membranes, resulting in unique interfacial
phenomena. Indeed, when ligand exchange processes occur at
the interface, NPs might aggregate into ordered monolayers on
the lipid membrane, which might affect membrane integrity and
cell internalization efficiency and pathway.

3.1.4 Protein corona coating of NPs. An interesting aspect is
the functionalization of NPs surface with the so-called protein
corona.'**>*>#! From the pioneering studies of K. Dawson®*%*
and coauthors, it has been progressively established that NPs in
biological fluids are spontaneously covered by a self-assembled
layer of proteins (an inner non-exchangeable layer and an
external exchangeable one), which determines a “biological
identity” of the NPs and, ultimately, their ability to interact with
cells.**#%8%8¢ The composition of the protein corona depends on
the nature of NPs core, on their shape and on their surface
coating. In particular, the surface charge of NPs also affects
the adhesion of biomolecules present in biological media,
modifying the protein corona, in terms of composition and
orientation.®**”%® It has also been highlighted that during
NPs internalization, the tendency of corona proteins is, at
least partially, to remain attached to NPs surface.®**°° Since
proteins are generally characterized by significant steric
hindrance and amphiphilic nature, they specifically mediate
the interaction of the NPs with plasma membranes. In this
context, it has been highlighted that slight physicochemical
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modifications of the proteins modify their binding and orienta-
tion on NPs, strongly affecting the biological uptake of NPs.”*
Recently, the controlled formation of the protein corona has
been exploited both for application purposes (e.g., for applica-
tions in cancer vaccines®”) and also to control in a predictable
way the protein-corona-mediated interaction of NPs with cell
membranes. For instance, pre-incubation of NPs with serum
has been exploited to prevent NPs aggregation in biological
media, improve their cell uptake and decrease their cytotoxic
effects.®® The comprehension, control and exploitation of protein
corona formation is therefore a key milestone in determining and
predicting NPs fate in living organisms.

3.2 Biophysics of nano-bio interfaces: NPs size and shape

As discussed in Section 2, when a NP adheres to a planar lipid
membrane, it locally imposes a curvature modification, which
depends on the size of NPs and on the viscoelastic properties
of the membrane (eqn (5)), which eventually controls the
occurrence and extent of NPs wrapping by the membrane;
therefore, NPs size also determines the response of the bilayer
to its adhesion and, ultimately, the effects on the target
membrane and the internalization pathway. NPs with size
comparable or smaller than the lipid bilayer thickness can
either be entrapped within the membrane®® or translocate
across the lipid bilayer by diffusing through®>°*°* or by
opening pores in the membrane,®® which is normally associated
to a high cytotoxicity in vivo.**°® On the contrary, wrapping
represents the dominant mechanism for larger particles
(>10 nm) interacting with bilayers, which is associated to their
entrance into cells in living organisms.'’ Often, depending on
NPs size, adhesion to a target membrane might result in the NPs
clusterization: indeed, under specific conditions, membranes
actively drive the self-assembly of adsorbed NPs, as a result of
the tendency of the membrane to minimize the NP-induced
deformation and its associated elastic cost (eqn (5)).°” As a
result, small-sized NPs have been observed to preferentially
interact with membranes as clusters,®”*® while fluid membranes
have been theoretically predicted to mediate the asymmetric
aggregation of spherical nanoparticles onto lipid surface.”® This
aspect is particularly significant for medical application of
nanomaterials, since NPs uptake in model and real membranes
is often preceded by aggregation at the nano-bio interface.'’
In addition, mathematical models and molecular dynamic
simulations have revealed that membrane-induced interactions
between bound particles can lead to collective NPs wrapping
and internalization: in particular, Zhang et al'®® revealed
that NPs translocation proceeds in a cooperative way, with a
key role played by NPs quantity, while Lipowsky et al'®"'%?
showed that spherical NPs can be cooperatively wrapped in
tubular membrane invaginations.

While the effect of NP’s size has been extensively investigated,
much less is known on the impact of NP’s geometry. Asymme-
trically shaped NPs, like nanorods, nanodisks and nanostars,
are particularly attractive materials, due to the peculiar proper-
ties (optical, magnetic, electronic and so on) arising from
anisotropy.'®® Depending on their shape, anisotropic NPs can
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efficiently interact with a target membrane and translocate
across it. MD studies on the interaction of NPs of different non-
spherical shapes highlighted reorientation of NPs in proximity to the
target membrane, to maximize the interaction, leading to strong
shape and orientational dependence on the translocation'®* (see
Fig. 3A). In addition, it has to be considered that, from a
theoretical standpoint, it is thermodynamically more favourable
for a lipid membrane to wrap a spherocylinder than a sphere of
the same radius."® Consistently with the theoretical predictions,
non-spherical NPs, from nanostars to nanorods, are efficiently
internalized by cells, in a shape and, for nanorods, aspect-ratio
dependent manner."*>'"” Experimental studies on biomimetic
membranes have shown that the asymmetric shape of NPs
can drive peculiar self-assembly phenomena at the nano-bio
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Fig. 3 Theoretical studies on nano-bio interfaces. Panel A: molecular
dynamics study to compute translocation rate constants of NPs of
different shapes through lipid membranes; (left) coarse-grained gold
nanoparticles setup; (right) analysis of rice NP translocation: potential of
mean force, PMF (kJ mol™) profile as a function of distance of the NP from
the lipid bilayer. Adapted with permission from ref. 104. Copyright (2012)
American Chemical Society. Panel B: lipid membrane modifications upon
interaction with cationic gold NPs: (left) lateral phase separation of 1:1
anionic (green) and zwitterionic (blue) lipids in the presence of gold NPs
(red); (right) trajectories of NP (green) and anionic lipid (blue) highlighting
the slaved diffusion of anionic lipids upon interaction with NPs. Adapted
with permission from ref. 22. Copyright (2019) American Chemical Society.
Panel C: nonequilibrium molecular dynamics simulations to investigate
photoporation of lipid membranes through the irradiation of AuNPs: the
NPs, stably bound to cell membranes, convert the radiation into heat; a
quantitative prediction of the temperature gradient around the NP upon
irradiation is evaluated. Adapted with permission from ref. 197 Copyright
(2017) American Chemical Society.
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as an example, we recently demonstrated that
gold nanorods (Au NRs) are wrapped by model and real cell
membranes as end-to-end NPs’ clusters,®” reducing the energy
penalty required for the membrane to bend around highly
curved edges. The induced tension due to the adhesion of
asymmetric NPs determines effects of lipid extraction, observed
both on model membranes and macrophage cells, eventually
provoking extensive disruption of the membrane, related to a
significant in vitro cytotoxicity.®”

3.3 Biophysics of nano-bio interfaces: membrane
composition

Cell membranes are characterized by a high degree of composi-
tional heterogeneity, typically comprising of thousands of
different lipids, carbohydrates and proteins,'®® which is repro-
duced, at different complexity levels, by model membranes. The
chemical composition of both synthetic and natural bilayers
strongly affects their elasticity, physical state and structure,
thereby determining their response towards external stimuli.
A clear example is the recent work of Lunnoo et al.,**® in which
model bilayers with different compositional complexity levels
correspond, as predicted by their proposed MD simulations, to
diverse cellular uptake pathways of neutral 10 nm gold NPs.
Going more into details, the presence of charges on the lipid
membrane emphasizes the interaction with oppositely charged
particles, as expected from eqn (2)°° in Section 2; however, it
has been demonstrated that electrostatic interactions play a
major role also for neutral zwitterionic lipids facing anionic
and cationic NPs.''®'"* 1n addition, it has been observed that
the molecular structure of membrane’s lipid components (e.g.,
saturation degree of hydrophobic chains) represents another
factor to take into account, affecting the penetration level of
NPs inside the lipid region."** Furthermore, cholesterol, one of
the most abundant sterols in real lipid membranes, deeply
affects the structure and fluidity of lipid bilayers; moreover, it is
involved in the formation of lipid rafts,"** which, for reasons
not yet fully understood, increase the extent of NPs-membrane
interactions: as an example, Melby et al.'** showed that positively
charged AuNPs bind significantly more to phase-segregated
bilayers with respect to single phase ones, while Hartono et al.'*>
associated higher cholesterol concentrations in lipid monolayers
to stronger interactions with protein-coated AuNPs, leading to
monolayer disruption.

3.4 Biophysics of nano-bio interfaces: NPs-induced
membrane modifications

The self-assembled nature and lateral fluidity of plasma mem-
branes determine a capability of the membrane to reorganize
and locally and transiently restructure itself in response to
biological stimuli. This is the case considering for instance
the transient formation of lipid rafts, in relationship with cell
trafficking phenomena, or considering ligand (drug)-receptor
interactions at cell surface, triggering complex biological responses.
In this respect, several studies have addressed the effects on
NPs on a target lipid membrane upon adhesion. A first effect
is the induced lateral phase separation within the target
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membrane: theoretical studies on cationic NPs have high-
lighted their tendency to recruit anionic lipids in the adhesion
area, determining the formation of phase separated patches
within the membrane (see Fig. 3B).>>*''® The alteration of
membrane’s phase behaviour induced by NPs is a growing
research topic, with several studies contributing building-up a
complex picture, which is far from being understood. As an
example, the group of Granick''' reported a different effect
of silica anionic’'” and cationic particles on phospholipid
membranes, with negative NPs inducing gelation and positive
ones provoking fluidification. Considering anionic silica NPs
with different size, the group of Zhang et al.'*® reports that the
gelation, or “freeze effect” on DOPC giant unilamellar vesicles
(GUV) is promoted by small NPs (18 nm), while large particles
(>78 nm) promote membrane wrapping. By significantly
decreasing the phospholipid lateral mobility, the release of
tension through stress-induced fracture mechanics results in
a microsize hole in the GUVs after interaction. On the other
hand, membrane wrapping leads to increased lipid lateral
mobility and the eventual collapse of the vesicles.

Von White et al.*° registered an increase in the gel-to-liquid
crystalline transition temperature of synthetic lipid vesicles
induced by the embedding of hydrophobic AuNPs, while
Chakraborty et al.'*® reported the opposite effect, i.e., phospho-
lipid bilayer softening, due to hydrophobic AuNPs inclusions;
on the other side, recent studies demonstrated that hydrophilic
(negatively and positively charged) AuNPs induce the same
effect at the nanoscale, promoting the formation of rigidified lipid
domains around the NPs’ surface, characterized by a reduced lipid
motion with respect to the surrounding fluid phase.?***'2%2! Both
the induced lateral phase separation on a target membrane and
the induced modification of the viscoelastic properties might
represent, at the biological level, both biologically relevant
signals, activating cell entry pathways, or else might be of
relevance in inducing cytotoxic effects (Fig. 3C).

3.5 Analytical applications of NP-lipid membrane
interactions

An interesting research topic related to the interaction of
NPs with lipid membranes is its exploitation for analytical
purposes. Inorganic NPs are characterized by peculiar proper-
ties, making them suitable to provide a readout, generally an
optical (fluorescence, scattering) or magnetic signal, which can
provide qualitative or quantitative information of different
nature. Knowles and coworkers have shown how the sponta-
neous formation of a supported lipid bilayer on a polystyrene
NPs patterned support can be exploited to form membrane
regions of high curvature, due to NPs partial wrapping: these
areas spontaneously accumulate specific, single-tailed lipids, of
higher spontaneous curvature, and can be exploited to monitor
the interaction of biomolecules with membrane areas of high
curvature;'** Liu et al.'*® have formed AuNPs patterned surfaces
(see Fig. 4B), for mechanical tension measurements in living
cells. Cho and coworkers'** have designed a nanoplasmonic
biosensor made of an array of gold, silicon oxide or titanium
oxide nanodisks coated with different lipid architectures
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Fig. 4 Analytical applications of NP—lipid membrane interactions. Panel A: SERS technique exploiting the spontaneous binding of proteins to lipid bilayer-
encapsulated AgNPs to probe lipid membrane-attached oligomers; (left) set-up of the technique (right) TEM micrograph of lipid-coated AgNPs; SERS
spectrum of melittin in the presence of AgNPs (black) and lipid-coated AgNPs (red). Adapted with permission from ref. 127. Copyright (2015) American
Chemical Society. Panel B: molecular tension fluorescence microscopy applied to the investigation of fibroblast cells layered on a substrate with an array of
precisely spaced functionalized AuNPs: cartoon summarizing the experimental set-up. Adapted with permission from ref. 123. Copyright (2014) American
Chemical Society. Panel C: self-assembly formation of lipid membranes on nanoplasmonic sensor platforms. Time-resolved extinction maximum
wavelength shift measurements (red) and corresponding time derivative (blue) for vesicle adsorption onto (left) silicon oxide-coated nanodisk surface,
(center) bare gold nanodisks on glass surface, and (right) titanium oxide-coated nanodisk surface. Adapted with permission from ref. 124. Copyright (2014)
WileyVCH Verlag GmbH & Co. KGaA, Weinheim. Panel D: (left) set-up of the nanoplasmonic assay for probing by eye protein contaminants (single and
aggregated exogenous proteins, SAP) in EV preparations; (right) Eppendorf tubes containing AuNPs in the presence of EVs (blue) or EVs + SAP (red),
highlighting the sensitivity of the assay to EVs protein contaminants; UV-visible absorbance spectra of AUNPSs, in the presence of increasing amounts of EVs,
highlighting the sensitivity of the assay to EVs concentration. Adapted with permission from ref. 130. Copyright (2015) American Chemical Society.

(see Fig. 4C), vesicles arrays, supported lipid bilayers or a coex-
istence of the two systems, spontaneously formed due to different
pathways of interaction between lipid vesicles and the nanodisks
of different material: localized surface plasmon resonance experi-
ments detecting a membrane-active peptide highlighted a strong
dependence of the interaction between the peptide and the
lipid bilayer, depending on the architecture of the lipid scaffold.
Limaj et al.'® designed an infrared biosensor to monitor the
molecular behaviour and dynamics of lipid membranes, based on
the adsorption of lipid vesicles on an engineered substrate
functionalized with gold nanoantennas for surface enhanced
infrared absorption (SEIRA) experiments. Suga et al.'*® exploited
the interaction of hydrophobic (dodecanthiol-modified) AuNPs
with phospholipids and phospholipid assemblies, to investigate
the behavior of lipid membranes at a molecular length-scale
through Surface-Enhanced Raman Spectroscopy (SERS). The same
technique is employed by Bhowmik et al,'*” who exploited the
formation of a lipid coating wrapping Silver NPs (AgNPs) to probe
through SERS the molecular behavior of protein oligomers
spontaneously binding to the lipid coating of AgNPs (this example
will be also discussed in Section 5) (see Fig. 4A). Recently, we have
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shown that synthetic Giant Unilamellar Vesicles of POPC promote
the clusterization of Turkevich-Frens citrated AuNPs on the lipid
membrane itself."*" This phenomenon, which has been investi-
gated by other groups, provokes a modification of the plasmon
resonance peak of AuNPs, which is visible also by naked eyes
as a colour change of AuNPs dispersion from red to blue."”"?®
Interestingly, this effect is similarly observed when the same
AuNPs challenge biogenic natural vesicles (extracellular vesicles,
EVs)"*"? and it has been found as strongly dependent on the
concentration of EVs and on the presence of protein contaminant.
Therefore, an analytical method for EVs has been developed,
offering an easy and fast assay for purity and concentration of
EVs, based on nonspecific interactions between NPs and lipid
membranes'** " (see Fig. 4D).

4. Engineering lipid assemblies:
inclusion of NPs in lipid scaffolds

Depending on their molecular structure and on the environ-
mental conditions, lipids in water self-assemble into very
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diverse structures, from simple planar lamellar phases, as
vesicles, to non-lamellar curved bilayered structures (as cubic
mesophases),"**** to inverse monolayered tubular arrange-
ments (as inverse hexagonal mesophases). These different struc-
tural arrangements, formed by spontaneous self-assembly, can
host hydrophilic-coated NPs in the aqueous regions and/or
hydrophobic-coated NPs in the hydrophobic domains.

NPs can spontaneously insert in the lipid scaffolds, due to
non-specific forces, such as hydrophobic, electrostatic and
van der Waals interactions (see Section 2), thus representing
a facile approach to obtain a complex hybrid material with
controlled structure and defined properties arising from the
combination of lipid and NP building blocks.

In particular, the inclusion of NPs in lipid scaffolds
allows obtaining materials with specific interesting features:
(i) the biocompatibility of the lipid scaffold (dependent on its
composition) allows envisioning the employment of these
hybrid materials for biomedical applications; (ii) the self-
organization and phase behavior of lipid mesophases is
generally responsive to the inclusion of external species, to
temperature, hydration and other experimental conditions,
which variations can be triggered, in a space and time con-
trolled manner, by external stimuli applied to the NPs included
in the lipid scaffold (e.g., magnetoliposomes). This is a very
interesting opportunity for several applications, for instance
the development of drug delivery systems (DDS) with controlled
release abilities; (iii) the inclusion and confinement of NPs in
lipid scaffolds has the effect to locally concentrate them and
to impose them a spatial arrangement. This localized NPs
concentration increase might be of relevance to enhance NPs-
related signals (for instance optical or MRI readout for diagnostic
applications); in addition, the increased concentration, together
with a defined structural architecture, might induce peculiar
collective properties of NPs, arising from the lipid scaffold-
imposed arrangement.

In the following sections we will revise this topic, in particular
focusing on the effect of NPs inclusion on the overall features of
lipid/NP hybrid materials (Section 4.1), and, subsequently, on
applicative examples of NP/lipid hybrids made of NPs included
in lamellar (Section 4.2) and non-lamellar (Section 4.3) lipid
mesophases.

4.1 NPs inclusion in lipid scaffolds: structural and
physicochemical effects

The hydrophobic or hydrophilic nature of NPs, which depends
on the coating agent, is the key factor in determining the
localization in a lipid assembly. Both lamellar (i.e., liposomes, Giant
Unilamellar Vesicles) and non-lamellar (ie., cubic or hexagonal
structures) lipid assemblies are characterized by the coexis-
tence of hydrophobic and hydrophilic domains, capable to host
NPs of different nature. In all NPs-lipid hybrids, the inclusion
of NPs in the lipid architecture affects the physico-chemical
and structural properties of the lipid scaffold, modifying for
instance the fluidity and bending properties of the membrane,
its local thickness, the phase behavior and the viscoelastic
properties. For instance, it has been shown that the inclusion
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of hydrophobic superparamagnetic iron oxide NPs (SPIONSs) in
the lipid membrane of DPPC liposomes increases the average
thickness of the membrane and modifies the orientation of the
phospholipid chains, affecting the lipid melting temperature.'**'%”
In addition, depending on the chemical nature of hydrophobic
NPs embedded in a lipid bilayer, they can either stabilize or
destabilize the lipid ordering, causing opposite effects on the
phase behavior of the lipid scaffold; it has been shown that 4
and 5.7 nm AgNPs®*! increase the fluidity of the membrane,
reducing the degree of ordering of the lipid tails, while 5 nm
maghemite NPs*® increase membrane rigidity. Finally, the
inclusion of nanoparticles can also modify the final structure
of the bilayer: for instance, a Cryo-TEM investigation of Chen
et al. on liposomes containing hydrophobic SPIONs has high-
lighted the formation of liposomes’ aggregates with SPIONs
clusters acting as bridging agents (see Fig. 5A and B). These
local perturbations highlight that some structural rearrange-
ment of a planar lipid membrane can be possible preserving
the overall lipid mesophase architecture; however, as reported
by Briscoe et al.,*® significant amounts of NPs inclusion might
promote, for defined lipid compositions and specific tempera-
ture/pressure conditions, a phase transition from lamellar to
hexagonal mesophases. In general, as already pointed out in
Section 2, the inclusion of NPs in a planar bilayer increases the
frustration packing energy of the lipid molecules eventually
promoting the re-organization in a different mesophase, char-
acterized by a more negative curvature; the mismatch between
the equilibrium curvature and the perturbed arrangement due
to NP inclusion, favors the transition to a more thermodyna-
mically stable structure.

These examples highlight how the effect of NPs on lipid
membranes is variable, but possibly predictable, on the basis of
minimum energy considerations; therefore, the physico-chemical
properties of the target lipid membrane and of the NPs to be
inserted in the lipid scaffold can be tuned in order to modify the
behavior of the membrane in a desired manner, engineering the
system for its final purpose.

4.2 Applications of NPs/lamellar lipid assemblies hybrids

Among hybrid nanostructures where NPs are included in lamellar
assemblies, particularly relevant are magnetoliposomes (MLs),
where hydrophobic SPIONs are included in the lipid bilayers of
lipid vesicles."***° Their responsivity to static (SMF) and alter-
nating magnetic fields (AMF) makes MLs good candidates in
nanomedicine as DDS,"*" able to release drugs confined in the
lumen of liposomes in a time and space controlled manner,
upon application of external stimuli.***** Despite their poten-
tiality, the inclusion of small NPs in the bilayer can be exploited
only for drug delivery purposes, while generally, no bulk
heating effect can be induced by small NPs subjected to AMFs,
as shown in several studies:'** therefore, they cannot be applied
in hyperthermia therapies, for the thermal ablation of cells;
however, as reported by Di Corato et al,'*> using hydrophilic
SPIONSs loaded in the vesicles’ lumen combined with a photo-
sensitizer, results in a synergistic effect, observed both in vitro
and in vivo, making this strategy, which exploits a multifunctional
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Fig. 5 Cryo-microscopies of lamellar and non-lamellar lipid membranes assembled with hydrophobic NPs. Panel A: cryo-TEM images highlighting the
structural changes induced by hydrophobic SPIONs interacting with liposomes: on the left, TEM image showing liposomes arranged in a multiwalled
configuration with SPIONSs bridging; on the right, TEM image of liposomes’ aggregates bridged by SPIONSs clusters embedded in the bilayer. Adapted with
permission from ref. 29. Copyright (2010) American Chemical Society. Panel B: DPPC liposomes decorated with dodecanethiol-capped AuNPs shown at
different magnifications. Adapted with permission from ref. 28. Copyright (2017) American Chemical Society. Panel C: TEM images of POPC/POPE
liposomes assembled with quantum dots (QDs) of different sizes embedded in the bilayer. The size increase of QDs (from 1 to 4 progressively) increases
the perturbation of the lipid membrane: lipid membrane appears sharp when small QDs are included (1 and 2), while with the larger ones the membrane
becomes fuzzier (3 and 4). Reproduced from ref. 150 with permission from The Royal Society of Chemistry. Panel D: cryo-SEM of non-lamellar
mesophases interacting with Au NRs. On the left Phytantriol cubic mesophase, on the right Phytantriol hexagonal mesophase, both assembled with Au

NRs. Adapted with permission from ref. 156. Copyright (2012) American Chemical Society.

nanomaterial, very promising for therapeutic applications.
Recently, MLs decorated both with hydrophobic and hydro-
philic SPIONs have been shown to release on-demand hydro-
philic or hydrophobic payloads, depending on the frequency
and application time of an AMF."*’

Besides SPIONSs, hydrophobic AuNPs were recently used'*® to
build-up photoresponsive and thermosensitive hybrid liposomes.
In addition, multifunctional hybrid liposomes containing magneto-
plasmonic nanoparticles (SPIONs@Au), merging the possibility to
combine hypothermic and photothermal treatments were recently
shown™”'*® for image-guided delivery of anti-HIV drugs to the
brain: generally, the successful delivery of antiretroviral drugs to the
brain is limited due to the presence of the blood-brain barrier
(BBB); in this case the authors reported an enhanced BBB
transmigration efficiency under AMF without its disruption;
moreover, the treatment of HIV virus with multifunctional
liposomes successfully reduced the viral replication.

8962 | Soft Matter, 2019, 15, 8951-8970

Several studies have addressed the inclusion of quantum dots
in lipid assemblies: despite their unique optical properties, they
are characterized by significant acute cytotoxic effects. With the
aim to realize a contrast agent for imaging applications,'*%**%>°
several studies have shown that the confinement of CdSe dots in
lipid bilayers increases their biocompatibility, while preserving
their fluorescence features, making the system more suitable for
biomedical applications (see Fig. 5C).

4.3 Applications of NPs/non-lamellar lipid assemblies hybrids

As anticipated in Section 2, the inclusion of NPs into non-
lamellar lipid assemblies mostly affects the structure of the
mesophase, in terms of the lattice parameter and, consequently,
of the diameter of the nanochannels and amount of water
contained in the lipid architecture. If the size of NPs is similar
or smaller than the lattice parameter, NPs can be easily encap-
sulated in the architectures. Venugopaal et al.®® investigated
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the encapsulation of hydrophilic Silica NPs of 8 nm diameter in
monolinolein mesophase: in this case, the NPs were too large to
be encapsulated in the nanochannels (of 3-3.8 nm diameter);
nevertheless, the addition of NPs determined the overall
dehydration of the lipid scaffold, eventually causing, for high
concentrations, the transition of the assembly geometry to
a gyroid cubic structure (Ia3d). The authors interpret this
behavior considering that, since the energy cost to include
the NPs in the nanochannels is extremely high (above
100kgT), the NPs tend to minimize their interfacial energy,
aggregating along the grain boundaries of the mesophase,
similarly to what reported concerning lamellar structures.'>"
The same authors investigated also the structural features of
monolinolein mesophases loaded with hydrophilic SPIONs.
Upon application of a static magnetic field, a reorganization
of the lipid domains along the direction of the field">>'?*
found, highlighting how the responsiveness of SPIONs to
magnetic fields can be exploited to induce structural modifica-
tions in the whole lipid mesophase. This effect has been
applied for instance to control the release of drugs confined
in the lipid mesophases'® or, as the same authors reported,*>*
for the application in optical memory storage.

The inclusion of hydrophobic NPs in non-lamellar meso-
phases can be easily achieved exploiting the hydrophobic
interactions that spontaneously drive the NPs localization in
the hydrophobic regions of the self-assembly. However, also in
this case, the size of NPs is of paramount importance, to avoid
the disruption of the lipid scaffold. Recently, the inclusion of
hydrophobic SPIONs into 1-monoolein diamond cubic phase
was reported, highlighting that the amount of included NPs,
together with temperature, controls the phase transition from
cubic to hexagonal phase. Since this transition is accompanied
by a significant dehydration of the mesophase, the structural
rearrangement is accompanied by the release of most of the
water content of the nanochannels. This thermoresponsive
hybrid material was also found to be responsive to AMFs,
representing, therefore, a promising system for the delivery of
hydrophilic drugs in a time and space-controlled manner.*
Recently, it was shown that this thermotropic effect of liquid
crystalline phases loaded with hydrophobic NPs is a general
phenomenon, highlighted also for cubic mesophases formed of
phytantriol and hydrophobic AuNPs.>

Very few examples in the literature address the inclusion of
non-spherical NPs in non-lamellar lipid assemblies: Boyd
et al.">® reported on hydrophobic NRs included in phytantriol,
selachyl alcohol and monoolein lipid mesophases, with the aim
to build-up photo-responsive hybrid materials (see Fig. 5D). The
authors investigated the effect of NRs on the cubic mesophases,
highlighting a slight reduction in the phase transition tempera-
ture and in the lattice parameter. Interestingly, similarly to
spherical hydrophobic NPs, gold NRs shift the cubic-to-
hexagonal boundaries to lower temperatures.'>® For hexosomes
of selachyl alcohol, it was shown that the lattice parameter or
water volume fraction®®*” are not affected by the presence of
AuNRs; the authors suggested that NRs are positioned along
the direction of hexosomes, but, due to their large sizes

was
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(55.5 nm in length and 16 nm in width) they are in close
proximity of the lipid bilayer, without being efficiently included
inside it. Nevertheless, the application of a NIR laser on the
hybrid structure promoted the phase transition from cubic to
hexagonal phase, similarly to what observed with the applica-
tion of AMF on monoolein-SPIONs hybrids.

5. Surface engineering of inorganic
NPs: functionalization of NPs with a
lipid coating

Recently, several research groups have addressed the function-
alization of inorganic NPs or clusters of NPs with lipids to form
lipid-coated NPs with a supported lipid bilayer (SLB and
liposomes®). The validity of this approach is twofold: first,
a lipid coating of appropriate composition might strongly improve
the biocompatibility of inorganic NPs: this is particularly
critical for the very toxic quantum dots. The second advantage
is the increased dispersibility in body fluids and improved
pharmacokinetic properties. As a matter of fact, without a
proper coating, bare NPs introduced by parenteral administra-
tion, are rapidly opsonized and removed by phagocytes from
the blood stream® and accumulated in liver and spleen,'>”*>®
often causing oxidative stress.'>**®°

Although this could be even convenient for those treat-
ments where the desired aim is to modulate local immune
responses,'®" it is worth considering the use of a capping agent
that prevents leakage of the drug, protects the carriers from
degrading enzymes, and shields them from the immune system
avoiding side effects.’®>'®* Among several potential capping
systems, lipid bilayers are especially advantageous'® for several
reasons: (i) the escape from endosomal vesicles of the nano-
material and successful reaching of its biological target, upon
endocytic uptake, is strongly favoured in the presence of a lipid
coating, improving the ability of NPs to passively permeate
to the inner core of the cell;'*>'®® (ii) the presence of a
lipid coating is helpful in preventing NPs aggregation in
biological environment; (iii) lipid coating is highly tuneable
in composition (for instance PEGylated lipids, to further
improve nanoparticle pharmacokinetic properties,'®” can be easily
incorporated, as well as cholesterol, added as a controlling fluidity
agent) and can be easily functionalized and designed to match
the specific requirements of the desired application."®*™7° As
introduced in Section 2, the achievement of such a coating
depends on the size of the NP to be coated and on the
viscoelastic properties of the membrane. Generally, relatively
large NPs, imposing a low curvature to the target membrane,
can be successfully completely wrapped and coated by a lipid
membrane, while small particles need to be wrapped and
coated as clusters. In the following sections we will review
the most relevant examples and applications of lipid-coated
inorganic nanoparticles, considering one by one the different
types of nanoparticles, silica NPs (Section 5.1), gold and silver
NPs (Section 5.2) and iron oxide NPs (Section 5.3).

Soft Matter, 2019, 15, 8951-8970 | 8963


https://doi.org/10.1039/c9sm01601e

Published on 28 October 2019. Downloaded by Universita Studi di Firenze on 2/24/2021 11:18:32 AM.

Perspective

View Article Online

Soft Matter

pdyy

Lipid bilayer l_
(liguid crystal phase) '

.
G { ¢
e vegd S
Lipid hilayer . DSPE-PEG "\ "L“‘ H :‘ P 4
(el phase) . /J',.r" \j—‘\'\?\“‘ ul‘{d./"ﬁ
o — oz "’:»-w
R
. Solvent exchange " #0N) LN
IS EEN
¢ y 5 N\
+ Plasme membvene F330
Hydrophobic SPIO NPs SPI0 NPs@DSPE-PEG SPIO@DSPE-PEG/CG NPs,

Fig. 6 Lipid-coated NPs. Panel A and B: TEM images of bare Au nanocages (A) and the same nanocages covered by a lipid bilayer (B) used as
nanovaccine for cancer immunotherapy. Reprinted with permission from ref. 187 © Elsevier; panel C: schematic overview of the procedure for the
fabrication of doxorubicin (DOX)-loaded SLB-mesoporous silica NPs. The thermal responsiveness of the lipids circumvents the premature leakage of
the payload. The insets show the related TEM images. Adapted and reprinted with permission from ref. 178 © Elsevier; panel D: schematic illustration of
the fabrication process of DOX-AuNR@mSIO, covered by a lipid bilayer and the corresponding NIR laser-controlled intracellular DOX release. Reprinted
with permission from ref. 192 © RSC; panel E: model of the Ca®*-dependent liposome and lipid-coated AuNPs clustering in presence of synaptotagmin
(Syt). Reprinted with permission from ref. 185 © ACS; panel F: conceptual scheme of lipid-coated gold carriers for the release of paclitaxel and cisplatin.
Reprinted with permission from ref. 183 © Elsevier; panel G: schematic illustration of the preparation protocol of SPION@DSPE-PEG loaded with

indocyanine green. Reprinted with permission from ref. 193 © Elsevier.

5.1 Lipid-coated silica NPs

Leveraging the pioneering works of Rapuano’s group,'”"'”?

over the last years several research groups have addressed
the decoration of silica nanoparticles with SLBs.'” Recently,
Mousseau et al. showed an example of fluorescent silica NPs
covered by a pulmonary surfactant Curosurf®. They found that
a complete SLB coverage of silica nanoparticles is obtained only
through sonication, which disrupts lipid vesicles and promotes
full wrapping of the NPs. In vitro assays confirmed that the
presence of the SLB mitigated the particle toxicity and improved
internalization rates."”

Tada and co-workers tested the impact of a lipid coating
(using different types of lipid bilayers) on the cytolocalization of
silica NPs prepared with methylene blue, for applications in
Photodynamic Therapy (PDT)."”>'7°

Mackowiak et al.’”” showed an example of mesoporous silica
NPs surrounded by a cationic DOPC/DOTAP SLB with targeting
ligands on the surface of the nanoconstruct and a photosensi-
tizer molecule covalently attached to the surface of mesoporous
silica NPs, for controlled and targeted drug delivery applica-
tions. In this case, the presence of the SLB coating was also

8964 | Soft Matter, 2019, 15, 8951-8970

aimed at improving the capability of the system to retain a drug
inside the mesoporous structure of NPs before photoactivation
to induce the release of the cargo.

An alternative route to obtain controlled release of drugs
from lipid-coated mesoporous silica NPs, based on the use of
thermo-responsive lipids, was recently presented by Zhang
et al.: they combined the high drug loading capacity of meso-
porous silica NPs with the thermal responsiveness of a mixture
of lipids, DPPC/DSPC/Chol/DSPE-PEG2000, allowing the possi-
bility to release on-demand the payload at hyperthermia tem-
perature, circumventing the premature leakage at physiological
temperature'”® (see Fig. 6C).

5.2 Lipid-coated gold and silver NPs

Taking advantage of their antimicrobial properties, AgNPs have
been widely used in the last decades both in industrial and in
biomedical applications.'”**®! Furthermore, due the localized
surface plasmon resonance (LSPR) of AgNPs, they can be
exploited for the development of biosensors. For this purpose,
Bhowmik and co-workers™” developed a method to determine the
conformation of membrane-bound proteins: unlike conventional
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SERS, that requires immobilization of molecules, they exploited
the spontaneous binding of proteins to lipid bilayer-coated
AgNPs. In this way, they probed the behavior of membrane-
attached oligomers of Amyloid-p40 (AB40), whose conformation
is of relevance in Alzheimer’s disease. AuNPs are the most
widely studied inorganic NPs, thanks to their facile synthetic
and functionalization routes, and their plasmonic properties
that can be harnessed in a plethora of applications, ranging
from optical imaging, spectroscopy and photothermal therapy.
Du et al. formed a liposomes-AuNPs hybrid system as a vector
for nucleic acids, for applications in gene therapy.'®

England and co-workers'®*'®* (see Fig. 6F) prepared AuNPs
functionalized with multiple layers (two or three) of phospha-
tidylcholine, alkanethiol, high density lipoprotein and phos-
phatidylcholine/alkanethiol for the delivery of hydrophobic
and hydrophilic drugs for the treatment of solid tumours. By
exploiting the optical properties of AuNPs, Reed et al. developed
a novel hybrid for sensitive detection of proteins based on
apposition and aggregation of liposomes induced by Ca** ions
using Férster resonance energy transfer (FRET) assays'®® (see
Fig. 6E). Wang et al. recently proposed a novel approach to
overcome the low delivery efficiency of plasmids by condensing
them on peptide-modified AuNPs, successively covered with a
mixture of phospholipids.*®®

In addition to spherical NPs, liposomes-coated gold
nanocages'®’ (see Fig. 6A and B) have been reported as possible
nanovaccines for cancer immunotherapy: the authors demon-
strated that the hybrid carrier exhibited enhanced antitumor
effects, inhibiting tumour growth in lung metastasis models. In
addition, lipid-coated hollow gold nanoshells have been recently
developed for synergistic chemotherapy and photothermal
therapy for the treatment of pancreatic cancer.'®® By taking
advantage of the unique structure of hollow gold nanoshells,
the authors successfully demonstrated the co-delivery of two
drugs, one loaded in the lipid bilayer and the other one loaded
in the hydrophilic interior of the nanoshell.

Furthermore, the possibility to extend lipid coverage to Au
NRs has been recently explored. Recent studies have addressed
the functionalization of Au NRs with a phospholipid bilayer,
composed of POPC'®° and, more recently, DMPC,"*° to increase
biocompatibility and bioavailability of NRs. In addition, lipid
capped Au NRs (obtained with DPPC vesicles containing lipids
with a thiol headgroup) have been demonstrated to be suitable
label-free biosensors'" for the detection of lipophilic drugs in
aqueous solutions or lipopeptides in serum. Finally, moving to
a more complex architecture, Han et al."** (see Fig. 6D) demon-
strated the possibility to use silica and phospholipids to cover
AuNRs, coupling the photothermal and thermo-responsive
properties in the same nanoplatform.

5.3 Lipid-coated iron oxide NPs

SPIONs are among the most attractive NPs for biomedical
applications, ranging from applications in MRI to responsive
nanocarriers for drug delivery to therapeutic applications in
hyperthermia (see Fig. 6G). Bao et al.**® synthesized DSPE-PEG
coated SPIONs loaded with indocyanine green molecules as
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superparamagnetic carriers capable to easily accumulate in
tumours sites and act as biodegradable nanotheranostic agents. In
the emerging field of nanovaccines, the group of Ruiz-de-Angulo**
presented a biocompatible multifunctional system designed to
both act as delivery vehicle and radiotracer for PET/SPECT
imaging: using lipid-coated magnetite nanoparticles, they efficiently
included in the construct ®’Ga®" as radiotracer, plus an antigen and
an adjuvant. In vivo imaging highlighted the efficient targeting
capability of the system and cell uptake. Recently, the same
authors presented bacteria-mimicking NPs, that is a similar
construct (i.e., lipid coated magnetite nanoparticles), coated
with lipooligosaccharides, which efficiently acts as adjuvants'®®
for application in cancer vaccine field.

Enveloping a magnetic iron oxide core with a lipid shell
facilitates bioconjugation, biocompatibility, and delivery, as well
reported by Wang et al.'®: in their work they provide a general
solution for coating iron oxide and other metal oxides with a
simple mixing in water, facilitating applications in biosensing,
separation, and nanomedicine.

A multifunctional system for dual imaging (fluorescence
and MRI) of hepatocellular carcinoma was reported by Liang
et al.:**° through the thin film hydration method, they covered
magnetite NPs previously conjugated with a NIR fluorescent
dye; the lipid bilayer was decorated with a polymer targeting
tumour hepatocytes, able to steer the carrier to the specific site.
By flow cytometry and confocal laser scanning microscopy they
assessed the specific cellular uptake, followed by in vivo tests on
tumor-bearing mice.

6. Conclusions

In this contribution we have reviewed the latest developments
concerning the interaction of NPs with amphiphilic bilayers
arranged in lamellar and non-lamellar mesophases.

This area is a very lively research field, where efforts are
motivated by several scientific purposes. First of all, the applica-
tion of nanostructured materials in the biomedical field requires a
precise knowledge of the nano-bio-interface: bilayered synthetic
assemblies are a very convenient and simple platform to elucidate
the interactions with cell membranes and internalization of
nanomedical devices. In addition, the design of smart nanostruc-
tured hybrid devices, where NPs are included in soft matter
assemblies to contribute new properties and modulate their phase
diagram is a very relevant and active research field. Related to this
latter area is the use of lipid bilayers as coating shells for inorganic
nanoparticles, to improve their biocompatibility and interaction
with cell membranes.

In all cases, the mechanistic understanding of the main
thermodynamic parameters involved in this interaction and
their dependence on the physico-chemical features both of NPs
and of the bilayers, are a necessary prerequisite to engineer soft
matter hybrids and formulate NPs with potential applications
in the biomedical field. Soft Matter science represents therefore
the central discipline, whose scientific and methodological
approaches will be more and more pivotal to contribute
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meaningful progresses in this field. If the promises held by this
approach will be fulfilled in the next decades, many of the
current hurdles that nowadays hamper the full development of
nanomedicine can be overcome.

Finally, a precise knowledge of the above-mentioned features
allows engineering NPs to probe the properties of complex bilayer
assemblies, both of natural and synthetic origin. This is a very
exciting and promising area, where fundamental and applied
efforts should be directed in the next decade.
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