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Introduction: Nanoscale assemblies are needed that achieve multiple
therapeutic objectives, including cellular targeting, imaging, diagnostics and
drug delivery. These must exhibit high stability, bioavailability and bio-
compatibility, while maintaining or enhancing the inherent activity of the
therapeutic cargo. Liposome-nanoparticle assemblies (LNAs) combine the
demonstrated potential of liposome-based therapies, with functional
nanoparticles. Specifically, LNAs can be used to concentrate and shield the
nanoparticles and, in turn, stimuli-responsive nanoparticles that respond to
external fields can be used to control liposomal release. The ability to design
LNAs via nanoparticle encapsulation, decoration or bilayer-embedment offers
a range of configurations with different structures and functions.

Areas covered: This paper reviews the current state of research and under-
standing of the design, characterization and performance of LNAs. A brief
overview is provided on liposomes and nanoparticles for therapeutic applica-
tions, followed by a discussion of the opportunities and challenges associated
with combining the two in a single assembly to achieve controlled release via
light or radiofrequency stimuli.

Expert opinion: LNAs offer a unique opportunity to combine the therapeutic
properties of liposomes and nanoparticles. Liposomes act to concentrate
small nanoparticles and shield nanoparticles from the immune system,
while the nanoparticle can be used to initiate and control drug release
when exposed to external stimuli. These properties provide a platform to
achieve nanoparticle-controlled liposomal release. LNA design and applica-
tion are still in infancy. Research concentrating on the relationships among
LNA structure, function and performance is essential for the future clinical
use of LNAs.
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1. Introduction

A significant challenge faced today in drug discovery is that many promising thera-
peutics have poor pharmacological properties, making them unsuitable for use in
their native forms [1]. Some estimate that > 95% of new drug candidates fail to
have the pharmacokinetic properties needed to be an effective treatment [2]. Improv-
ing pharmacokinetics requires chemically modifying the drug, for instance, to make
it water soluble, or physically modifying it by mixing or encapsulating it within a
suitable matrix. Disconnect between drug discovery and drug delivery is one of
the biggest reasons for the decline in breakthrough drugs in recent years [1]. New
nanotechnology-based drug delivery systems have shown great potential for over-
coming obstacles related to poor pharmacokinetics by providing a mechanism
for controlling the delivering of low drug dosages to specific tissues or cells [3.4].
Targeted and controlled delivery can reduce the adverse effects of systemic delivery
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Article highlights.

» Review of recently reported liposome-nanoparticle
assemblies (LNAs) designed for stimuli-responsive
controlled-release. Radio frequency-triggered
magnetoliposomes are a classic example of a
stimuli-responsive LNA. In recent years, there has been
an increased interest in LNA designs utilizing
light-responsive nanoparticles, such as
gold nanoparticles.

o Three distinct strategies are used to design LNAs:

nanoparticle encapsulation, bilayer-embedment or

surface decoration. With each design,
nanoparticle-liposome interactions must be considered
as they play a role in LNA structure and stability.

Intuitively, LNA release in the presence of an

electromagnetic field is enhanced when the nanoparticle

is closely associated with the bilayer. Examples are
presented from the literature for iron oxide and

gold nanoparticles.

LNA release is commonly attributed to local nanoparticle

heating; however, mechanically-induced release may be

more plausible.

This box summarizes key points contained in the article.

and off-target affects. The dream of Nobel Laureate Paul
Ehrlich’s ‘magic bulle may be within reach through
controlled and targeted nanoscale therapeutics.

In 2005, the National Cancer Institute provided a vision
for nanotechnology-based cancer treatment that combines
targeted delivery with imaging, diagnostics and the ability to
provide multiple therapies within a single nanoscale con-
struct [5]. The design of such a multifunctional construct is
inherently complex as it requires combining different molecu-
lar, colloidal and/or particulate agents that, for example, may
have different degrees of hydrophobicity or thermal instabil-
ity. Furthermore, the construct must be colloidally stable,
resist protein adsorption and immune system recognition,
and achieve cellular targeting in its native form (i.e., without
‘losing’ components or cargo during circulation).

Liposome-nanoparticle assemblies (LNAs) represent a
promising route for designing multifunctional therapeutic
constructs. They draw inspiration from magnetoliposomes
(MLs) (liposomes containing encapsulated magnetic nano-
particles (NPs) [6-11]) and have also been referred to in recent
literature as liposome-NP hybrids or liposome-NP com-
plexes [12,13]. LNAs consist of liposomes that contain NPs
encapsulated in the aqueous core, embedded in the lipid
bilayer or bound (decorated) onto the surface (Figure 1).
While liposomes and NPs have both been approved separately
for clinical use, research and development of LNAs are still
relatively new. Liposomes are attractive for drug delivery
and biomedical imaging because they are biocompatible car-
riers capable of protecting and transporting hydrophobic
and/or hydrophilic therapeutic molecules. NPs (up to
100 nm) have also been shown to be effective transporters,

contrast agents and agents capable of providing iz vive
heating when subjected to external stimuli such as alternating
current electromagnetic fields (EMFs; typically at radiofre-
quencies, RF) or light [14-19). LNAs can incorporate the
intrinsic properties of liposomes and NPs, providing novel
multifunctional therapeutic and diagnostic vehicles. This con-
cept was depicted by Pradhan ez al. 120] for folate (Fol) recep-
tor and magnetically targeted MLs capable of combined drug
delivery and hyperthermia (Figure 2). Principle advantages of
LNAs include the following:

e Delivery of hydrophobic and hydrophilic molecules
and NPs, including small NPs (< 25 nm) that are less
prone to endocytic uptake due to the high curvature
energy required for a membrane to ‘wrap’ around the
particle [21].

o Strategies for processing, stabilizing and targeting
liposomes are well established [22].

e NPs can be magnetically guided for targeting in vivo and
provide a triggering mechanism for controlled release
(not discussed in detail herein).

e Surface-bound NPs can also enhance the colloidal stabil-
ity of LNAs and bilayer-embedded NPs can reduce
spontaneous leakage [23-26].

The objective of this article is to provide a detailed review
of LNA design and structure with an emphasis on recent
work that utilize photothermal (via gold NPs) or RF heating
(via iron oxide NPs) to achieve hyperthermia treatment, con-
trolled drug release, or combined hyperthermia and drug
release. LNAs containing carbon fullerenes such as Cgg of
Cyo (i.e., fullerenosomes, [27-36]) are promising therapeutic
structures and provide insight into LNA design, but are not
discussed herein. Likewise, NPs containing supported lipid
bilayer (SLB) coatings are also quite promising, but are not
discussed (e.g., [7.37-39]). A discussion of reported LNA perfor-
mance in vitro and in vivo is provided. This compliments a
review of ‘liposome-nanoparticle hybrids’ by Al Jamal and
Kostarelos in 2007 [12]. Recent reviews focusing on liposomes
or NPs for therapeutic application, which are discussed only
briefly herein, are provided in [2240-43] and [4,15-1744-48],
respectively. An expert opinion is provided that focuses on
the need for more complete design principles, additional char-
acterization of LNA structure and stability, and the validity of
local heating.

1.1 Liposomes

Since the pioneering work by Bangham ez /. and Papahadjo-
poulos and Ohki in the 1960s [49-51], liposomes have become a
well-established platform for administering therapeutic and
imaging agents. In 1973, Gregoriadis reported the potential
of liposome-aided drug delivery and started what would
become a burgeoning new field of liposomes as nanoscale
delivery vehicles [s52). Since then, liposomes have become
one of the most reliable systemic drug delivery systems,
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Core encapsulated Bilayer embedded Surface decorated

Complexed

Figure 1. Schematic and TEM micrographs of LNAs formed by encapsulated hydrophilic nanoparticles with an aqueous
liposome core (A; A-1 [70]), embedding hydrophobic nanoparticles within a liposome bilayer (B; B-1 [82], B-2 [23]) or binding
hydrophilic nanoparticles to a liposome surface (C; C-1 [92]). Surface decoration (C) can also be used to create controlled
aggregates or complexes (D; D1-1, D2-1 [13]). Structures and proportions are not to scale.

Reprinted from [13,23,70,82,92] with permission.

LNA: Liposome-nanoparticle assembly.
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Figure 2. The concept of a multifunctional LNA (a temperature sensitive magnetoliposome containing co-encapsulated iron
oxide nanoparticles and doxorubicin) for cancer thermo-chemotherapy from Pradhan et al. [20]. Passive targeting can be
achieved through the EPR effect of tumor vasculature, and active targeting can be achieved via folate receptor and by
applying a permanent magnetic field. The application of an AC electromagnetic field can be used to release the drug and

achieve hyperthermia treatment.
Reprinted from [20] with permission.

AC: Alternating current; EPR: Enhanced permeation and retention; LNA: Liposome-nanoparticle assembly.

particularly because of their biocompatibility and ability to
reduce or prevent drug degradation and toxicity.

Liposomes are self-assembled spherical vesicles consisting
of one (unilamellar) or multiple (multilamellar) lipid
bilayers surrounding an internal aqueous core. Bilayer thick-
ness (4) is ~ 5 nm, of which ~ 3 nm is the acyl lipid tail
region. Liposomes can be prepared with zwitterionic, anionic
or cationic lipids, and the net liposome surface charge can be
adjusted by mixing different ratios of these components. Lip-
ids with headgroup-conjugated PEG and ligands can be used
to improve liposome stability, increase blood circulation
times and achieve cellular targeting (22.41]. For drug delivery
and diagnostics, liposomes are attractive because of their abil-
ity to encapsulate both hydrophilic (in the aqueous core or
bound to the liposome surface) and hydrophobic (in the lipid

bilayer) molecules. This enhances the solubility and stability
of these molecules and prolongs their bioavailability.

Release of encapsulated molecules from liposomes is con-
trolled by the permeability through the lipid bilayer, which
can be achieved by transbilayer diffusion or transient pore for-
mation triggered by bilayer disruption or phase separation.
Phase separation can be induced by ‘melting’ the liposomal
bilayers, that is, heating to a temperature greater than the
characteristic main phase transition or melting temperature
of the lipids (73,). Below T, the lipids are in the solid or
gel phase in which the lipids are rigid and highly organized.
Above T, the lipids are disordered in a liquid crystalline or
fluid phase. Permeability is high at the interface between gel
and fluid phases. Phase separation and bilayer permeability
can be manipulated by adjusting the lipid bilayer
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composition. A simple example illustrating this principle
can be made with dipalmitoylphosphatidylcholine (DPPC,
T = 42°C) and dimyristoylphosphatidylcholine (DMPC,
T, = 23°C). At a DPPC:DMPC molar ratio of 74:26, the
melting temperature occurs at physiological temperature
(37°C). Furthermore, cholesterol is commonly incorporated
into the bilayer to reduce membrane fluidity above the melt-
ing temperature. Membrane fluidity is affected by, for exam-
ple, pH, ion concentration and the presence of molecules
absorbed into the bilayer.

Drug delivery from liposomes is accomplished by cellular
uptake, which can occur by adsorption, endocytosis, fusion
and/or lipid transfer [41,42,53]. Adsorption is the association
of liposome bilayer with cell bilayer without destroying the
liposome bilayer or being internalized by the cell. Adsorption
can be specific (assisted by targeting ligands such as antibod-
ies) or nonspecific (controlled by intermolecular and surface
forces). Endocytosis involves the uptake of liposomes into
the cell by encapsulation within endosomes. Release of drugs
to the cytoplasm can occur by membrane destabilization of
the encapsulating endosome or by delivery to lysosomes.
Lysosomes have an acidic pH and contain lysing enzymes.
Drug release is accomplished when lysosome enzymes hydro-
lyze the lipid bilayer releasing the drug. Lysosome drug release
is only effective when the encapsulated drugs are not suscepti-
ble to lysosome enzymes and pH. Fusion involves the adsorp-
tion and incorporation of the liposome bilayer with the cell
membrane, releasing the payload into the cytoplasm. Finally,
lipid transfer involves the exchange of lipids between the lipo-
some bilayer and the cell membrane without enveloping the
liposome [41,42].

1.2 Gold and iron oxide nanoparticles

Imaging and photothermal effects of gold NPs stem from
their enhanced surface plasmon resonance (SPR), where visi-
ble or near-infrared light is absorbed causing oscillation of
surface electrons [54]. SPR absorbance and the wavelength
range are dependent on NP size, core/shell configuration
(e.g., silica core/gold shell [s5]) and geometry. Shifts in these
properties are indicative of the degree of NP aggregation
and/or molecular adsorption on the NP surface [19]. For pho-
tothermal therapy, absorbed light energy is converted into
local heat that thermally diffuses into the surrounding
medium. Varying NP size and core/shell configuration pro-
vides a means of tuning the frequency window for photother-
mal therapy. It is generally accepted that gold NP-mediated
phototherapy is attributed to heat or resulting bubble nucle-
ation depending on the light intensity and mode of expo-
sure [191. However, recent work by Krpetic ez al. [56] at
low light energies suggests that photochemical effects - the
formation of free radicals during NP irradiation - may play
an important role. In addition to photothermal heating,
EMFs operating at RF can also be used to heat gold NPs.
For example, Gannon ¢t al. [57] examined the effect of NP
concentration and RF field strength on the heating rates of
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5 nm Au NPs in water. A rate of ~ 74°C min~' was measured
using an 800 W RF field at an NP concentration of 67 pM.
The magnetic properties of iron oxide NPs, notably single
domain superparamagnetic magnetite (y-Fe;O3) or maghe-
mite (Fe30y), can also be exploited for imaging and therapy.
They act as contrast agents for MRI, can be directed by
static magnetic fields (magnetic drug delivery) and can be
heated by RF (hyperthermia) [16,1858]. RF heating is due to
magnetic losses being converted to heat, typically at low fre-
quencies between 100 and 400 kHz. The magnetic losses for
NPs < ~ 30 nm are due to Néel relaxation, arising from rap-
idly alternating magnetic dipole moments, and Brownian
relaxation, arising from NP rotation and viscous losses (fric-
tion). RF heating is advantageous because it is non-invasive,
easily penetrates the body and is physiologically acceptable
for up to 1 h if the product Hf, where H is the field amplitude
(current X number of coils per length) and fis the frequency,
is below 4.85 x 10° kA m™' 57! [s9]. NP heating capability is
based on the inherent specific absorbance rate (SAR, W g‘l)
of the NPs:
(1)
cp AT
myp At

SAR =

where ¢, is the average heat capacity of the sample, 7y, is
the NP mass and AT /At is the initial heating rate of the
sample. SAR values up to ~ 700 W g‘1 can be obtained
depending on the NP size, composition and surface
coating [18].

1.3 Nanoparticle-mediated hyperthermia
NPs capable of RF or photothermal heating have been used
for local hyperthermia treatment of malignant tissues, which
involves heating the tissues to temperatures between
~ 40 and 45°C (0. During hyperthermia, heat denatures
intracellular proteins inducing death by necrosis or apoptosis.
Hyperthermia has also been shown to make tumor cells more
vulnerable to therapies, such as chemotherapy and radiother-
apy; therefore, it can be used in conjunction with these
therapies [20,61-62]. The use of conventional hyperthermia
(i.e., without NPs) has been tempered in recent years because
of difficulty in applying heat to deeper tumors and delivering
targeted heating. This difficulty may be addressed by targeting
NPs to malignant cells and tissues.

Heat transfer within tissues via NP heating can be
described by a modified Pennes’ bio-heat transfer model [63]:

2)
oT
Pe€ py E =Ve (/etv )+ pb[p,bwb(T_ Tb) + Qm + QNP

where p, is the tissue density and ¢,, is the tissue heat
capacity. The first term on the right hand side (RHS) of the
equation describes the conductive heat transfer (4, is the tis-
sue thermal conductivity) and the second term describes the
convective heat transfer (p, is the blood density, ¢,, is

Expert Opin. Drug Deliv. (2011) 8(8) 1029

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Stimuli-responsive liposome-nanoparticle assemblies

the blood heat capacity, @, is the blood perfusion rate and
T, is the blood temperature). Q,, is the rate of heat gener-
ated metabolically and Q,; is the rate of heat generated
from the power dissipation by the NPs, which accounts for
the concentration of NPs (e.g., Qpp represented as
SAR). Equation 2 represents the case where the temperature
profile in a tissue mass (macro-scale) can be determined as a
function of NP concentration and applied field strength (e.
g., laser or RF). It has been shown theoretically that sufficient
iron oxide NP heating can be achieved (> 42°C) at low blood
perfusion rates to achieve tissue-level hyperthermia (64]. For
cellular-level heating (nano- or micro-scale), convective heat
transfer due to blood transfusion and Q,, are eliminated
from Equation 2, yielding the expression reported by
Keblinski ez al. 65) for RF NP heating and Xu ez al. [66] for
Fe;04 NP hyperthermia in vitro.

2. LNA formation and structure

LNA design strategies include the encapsulation of individual
or multiple NPs within the aqueous core of the liposome,
embedding hydrophobic NPs in the lipid bilayer, and
binding or conjugating NPs to the liposome surface (Figure 1).
Tables 1 and 2 contain a list of Au and iron oxide LNAs,
respectively, that have been reported in the literature since
2008. For a given design strategy, the functionality of an
LNA is determined by the liposome composition, the type of
NPs used, the intermolecular and surface interactions between
the lipid bilayer and NP, and (as in all cases) the colloidal sta-
bility. LNAs can be used to concentrate NPs and shield them
from the adsorption of exogenous molecules. Concentrating
the NPs can increase the degree of intracellular delivery, which
is critical, for example, in imaging and hyperthermia applica-
tions. In turn, shielding the NPs from the adsorption of bio-
molecules can enhance their bioavailability and reduce the
need for more complex NP surface chemistries. The caveat
here, which is germane to all LNA configurations, is that the
liposome itself must contain functional lipids or surface
coatings for stabilization and, when needed, targeting [12].

In addition to serving as a vehicle for NP delivery and
being multifunctional, LNAs can be used to overcome
design challenges of ‘conventional’ liposomes. With respect
to delivery, the main challenge includes creating an assem-
bly that is stable and retains its cargo during both storage
and circulation, but is capable of releasing its cargo
in vivo at a target site (i.e., stable until it needs to become
unstable). This challenge has been addressed by using lipid
mixtures that melt near physiological temperature or
through chemical mechanisms such as pH-sensitive lipids;
which has ultimately reduced the number of viable lipid
molecules that can be used. In contrast, LNAs can utilize
physical triggers, predominantly NP heating, to control
the onset and duration over which a molecule is released.
While lipid composition plays an active role in determining
the release profile from LNAs, the lipids themselves would

not provide the release trigger. This could greatly expand
the range of lipids amenable to liposomal release [12].

Finally, LNAs can potentially be used to deliver high con-
centrations of NPs capable of RF or photothermal heating
for local hyperthermia. Targeted LNA administration can be
achieved through known liposomal-based mechanisms (e.g.,
targeting lipids) and may provide a local heat source
for both hyperthermia and drug release without adversely
effecting adjacent tissue.

2.1 Core encapsulation

Encapsulating inorganic NPs within the aqueous core of
liposomes is one of the simplest and earliest developed LNA
configurations (e.g., MLs (791). They can be prepared by
encapsulating preformed NPs in solution or by forming NPs
within the liposome core as first shown by Papahadjopoulos
and co-workers in 1983 [67]. The later approach will not be
discussed herein. Encapsualted LNAs (e-LNAs) can be pre-
pared by thin film hydration (TFH), double emulsion
(DE) (68] or reverse phase evaporation (REV) [69]. Prior to
removing unencapsulated NPs or diluting, post-formation
liposome processing such as membrane extrusion or sonica-
tion can be used. The obvious design constraints are that the
NPs must be colloidal stable during LNA formation and
that their diameter (@) must be less than that of the aqueous
liposome core. When d_,. = dxp, these structures are referred
to as SLB (i.e., NPs containing a lipid bilayer coating).
Based on close packing of spheres and do.e >> dip, the max-
imum theoretical number of encapsulated NPs is » = 0.74
(Viore! Vnp) where V represents the volume of the core or
NP. Wijaya and Hamad-Schifferli [70) have shown that it is
possible to approach this limit, demonstrating high-
density encapsulation of Fe304 NPs (dyp = 12.5 nm) within
DPPC liposomes (Figure 1A-1). With this design, the available
core volume for co-encapsulating aqueous drug molecules
decreases within increasing NP concentration. However, the
ability for embedding hydrophobic molecules within the
bilayer is unaffected by NP concentration.

The structure of e-LNAs is dependent on the osmotic pres-
sure differential across the lipid bilayer, and the attractive or
repulsive forces between the bilayer and the NPs. The elastic-
ity of the bilayer determines how the LNA will deform in
response to these forces. Attractive forces can include van
der Waals, hydrophobic and electrostatic interactions; and
repulsive forces can include electrostatic, depletion, hydration
and steric interactions. As classically described by Lipowsky
and Dobereiner [71], adhering and non-adhering NPs can
lead to changes in bilayer curvature, which can impact lipo-
some size, shape and phase homogeneity. This occurs when
different particles are present within (i.e., encapsulated NDs)
and outside (e.g., sugars or proteins) liposomes. For non-
adhering encapsulated particles, the bilayer can curve towards
the larger particles. In contrast, for small adhering encapsu-
lated particles (attractive) where deore >> dnp and dyp < 24,
the bilayer can curve away from the particles. For large
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Lipids (ratio)* Liposome NP diameter Surface coating Lipid:NP* Association Ref.
charge (nm)
DOPC:DOTAP (8:2) Cationic 80 Citrate nrt Encapsulation [91]
DPPC:DSPC (9:1) Zwitterionic 2.5 Hexanethiol 17.2:1 (w/w) Embedment [95]
EggPC Zwitterionic 2 Dodecanethiol 100:1 - 1500:1 Embedment [82]
DPPC:DSPC (9:1) Zwitterionic 4 Mercaptosuccinic acid 10:1 (W/w) Encapsulation [95]
DPPC:DSPC (9:1) Zwitterionic 1.4 DPPE-Nanogold™ n.r. Embedment/ [24]
decoration
DOPC Zwitterionic n.r. Ascorbic acid n.r Decoration [87]
DOPC:DOPC+ (90:10) Cationic
DOPC:DOPP (9:1) Anionic
EYPC Zwitterionic 13 Citrate 10:1, 1:1 Decoration [88]
EYPC:DDAB (9:1) Cationic
EYPC:PEG-DSPE (95:5) Zwitterionic
EggPC:DOTAP (9:1 w/w) Cationic 4 Mercaptopropionic >3.6 x 1031 Decoration [89]
acid
DPPC:DPTAP:Chol Cationic 20 n.r. Complexation [13]
(6:3:1 w/w)
DPPC Zwitterionic 33 PEG 1.8:1 (w/mol) Encapsulation [92]
1:1 (w/mol) Embedment/
decoration
*Molar ratios provided unless noted otherwise.
*Estimated at 4 liposomes per NP.
LNA: Liposome-nanoparticle assembly; NP: Nanoparticle; n.r.: not reported.
Table 2. Reported LNAs based on iron oxide NPs since 2008.
Lipids (ratio)* Liposome NP diameter  Surface coating  Lipid:NP* Association Ref.
charge (nm)
Magnetite (Fes0,)
DPPC:Chol (75:25) Zwitterionic 12.5 ND 0.8:1 Encapsulation [98]
[maleimide]PEG-DSPE:FAM-DOPE 10 - 14 Heptanioc acid, 1:1.8 (w/w) Encapsulation  [99]
(10:1 w/w) acetic acid
DMPC:Chol: XLt (47.5:47.5:5) Zwitterionic 10 Catechol > 8.3:1 (mol/w) Complexation  [90]
DPPC:DMPC:XL* (9.5:85.5:5)
Maghemite (y-Fe,03)
DPPC:Chol (67:33) Zwitterionic 10 Glutamic acid n.r. Encapsulation [100]
DPPC:Chol (5:1, 15:3 w/w) Zwitterionic 43 Dextran n.r. Encapsulation  [93]
DPPC:DSPC:Chol (10:5:3 w/w)
DPPC Zwitterionic 5 Oleic acid 1000:1 - 10,000:1 Embedment [23]

*Molar ratios provided unless noted otherwise.
iCrosslinking molecule (adhesive lipid).
LNA: Liposome-nanoparticle assembly; NP: Nanoparticle.

adhering particles where dyp >> 24, the bilayer can curve
around or engulf the particles. Given that NP adhesion to
bilayers can significantly alter LNA structure and morphol-
ogy, LNAs with encapsulated NPs are generally formed with
small non-adhering NPs. The exception to this is LNAs
formed by coating a single large NP with an adsorbed or
SLB (not discussed herein).

Pradhan et al. (72 compared the encapsulation efficiency of
10 nm Fe30O4 NPs coated with lauric acid in LNAs (or more
specifically MLs) composed of egg PC:cholesterol (1:0 to 1:2,

molar ratio) and formed by TFH and DE. This represents a
non-adhesive system. In general, higher encapsulation effi-
ciency was achieved by TFH compared to DE. This was
attributed to NP aggregation due to lauric acid stripping
from the NP surfaces during the DE process. In both cases,
the observation that an egg PC:cholesterol ratio of 2:1 yielded
the best encapsulation efficiency (70% via TFH) was attrib-
uted to cholesterol inducing a single liquid ordered bilayer
phase. Changes in liposome size on encapsulation were
not reported.
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In similar work, Sabate et 4l (73] examined the effect of
Fe;04 NP concentration coated with tetramethylammonium
hydroxide (58 nm hydrodynamic dyp) on the encapsulation
efficiency of extruded soybean PC MLs. This represents an
adhesive system. The encapsulation efficiency decreased
from 96.6% at 1.22 g Fe304/mol PC to 18.5% at 119.95 ¢
Fe304/mol PC. This was attributed to electrostatic interac-
tions (attraction) between the cationic NPs and the PC
bilayers. The size of the MLs increased from 140 to
197 nm, consistent with lower curvature due to NP adhesion
at the inner bilayer surface.

Gomes et al. [74] prepared polyelectrolyte-coated MLs by
encapsulating 8 nm anionic Y-Fe;O3 NPs within egg PC lip-
osomes and then coating with alternating poly(allylamine
hydrochloride) and poly(sodium 4-styrenesulfonate) layers.
The final coating determined the surface charge (anionic
PSS or cationic PAH). The size ranged from 200 to 400 nm
and the polyelectrolyte coating stabilized them against
detergent-induced leakage, which is caused by membrane
disruption or solubilization.

2.2 Bilayer embedment

Embedding NPs into the bilayer requires that the NPs be
hydrophobic and have diameters comparable to or smaller
than the thickness of the lipid bilayer (~ 5 nm; Figure 1B).
LNAs formed by bilayer embedment (b-LNAs) can be
advantageous as many NPs are inherently hydrophobic or
synthesized in organic solvents (e.g., in reverse microemul-
sions where the surfactant is the initial surface coating)
before undergoing surface modification for aqueous environ-
ments. Similar to the ability of cells to accommodate
membrane proteins, liposomes can distort to accommodate
hydrophobic NPs that exceed the thickness of hydrophobic
acyl region of the bilayer (~ 3 nm) [23.75-77]. As with proteins,
embedded NPs can affect lipid packing, lipid phase beha-
vior, transbilayer permeability, and LNA structure and
morphology [23,2834.76.78-82]. A unique aspect of b-LNAs (as
well as surface decorated LNAs (d-LNAs)) is that the NPs
can provide direct localized heating to the bilayer in the
presence of external stimuli to trigger release [2324].

It is intuitive that the size of an NP (core + surface coating)
and its concentration, or more specifically the lipid:NP ratio,
will influence how the lipid bilayer distorts to accommodate it
and the resulting LNA structure (Figure 3). Theoretical studies
by Ginzburg and Balijepalli (83] and Wi ez al. 84 suggest that
the maximum size of an NP (dyp) that can be incorporated
into a LNA while maintaining a lipid bilayer structure
is ~ 6.5 nm (Figure 3A and B). Above this size, micellar
structures are more energetically favorable due to high local
curvature strain within the bilayer (84]. Experimental verifica-
tion of this critical size and, furthermore, the general size
effects of NPs on embedment mechanism and LNA structure
are more elusive.

Clustering of embedded NPs has been observed by
Rasch er 4l (821 in LNAs with dodecanethiol-coated Au

(dnp = 1.6 - 1.8 nm) (Figure 1B-1; Figure 3A). They showed
that high NP loading with uniform distribution can be
achieved in PC liposomes via TFH (with sonication and
extrusion). Janus particles can be prepared with embedded
NPs clustered in approximately a half of the liposomes
via detergent loading followed by dialysis. Clustering occurs
as the liposomes minimize the energy penalty for bilayer
deformation, that is, for a given concentration of embedded
NPs the periodic bilayer bending energy needed to accommo-
date individual particles is greater than that needed to
accommodate NP clusters. Park et al. (s0) and Chen ez al
(23] have observed a similar clustering phenomenon with
stearylamine-coated 3 - 4 nm Au and oleic acid-coated
5 nm y-Fe;O3 NPs in DPPC liposomes (Figure 1B-2), respec-
tively. This suggests that NP clustering is not restricted to
dap < 2 nm [23].

In addition to clustering, embedded NPs with dyp =
2 - 6.5 nm can reside in bilayer ‘pockets’ within individual
(Figure 3B) or neighboring (Figure 3C) LNAs. These cases
arise when the lipid:NP ratio is high (~ 1000:1 or greater).
This has been observed by Jamal er al (85 for 4 nm
hydrophobic  CdSe/ZnS  core/shell quantum dots in
DOPC bilayers.

2.3 Surface decoration and complexation

d-LNAs are formed when hydrophilic NPs are absorbed onto
or coupled to the outer or inner surface of the lipid bilayer
(Figure 1C). This is achieved through attractive surface
interactions, notably long-range electrostatic attraction. An
advantage of d-LNAs is the ease in which they can be pre-
pared, adding NPs to pre-existing liposome dispersions.
Similar to bilayer embedment, decorated bilayers also
provide direct heating to the bilayer in the presence of
external stimuli. The design constraint for forming d-LNAs
is dependent on bilayer NP adhesion and curvature. NPs
with dyp > ~ 20 nm lead to the formation of SLBs due
to liposome adsorption and rupture, followed by the
bilayer curving around the particle. The critical NP diameter
under which d-LNAs can be formed is dnp < 2(2ky/w)"?,
where 4, is the bilayer bending elasticity, which is dependent
on lipid composition and phase state, and w is the
adhesion energy.

The Granick group has shown that stable d-LNA disper-
sions can be formed using zwitterionic liposomes with deco-
rated cationic or anionic NPs (< 20 nm) with an NP surface
coverage above ~ 25% [25.26). This was achieved by electro-
static attraction. Lower surface coverage led to aggregation,
which demonstrates the need to balance the lipid:NP ratio.
It was shown that on binding the NPs could restructure the
lipid bilayer, inducing gel phases in fluid liposomes and fluid
phases in gel liposomes (86]. This observation shows that, even
without external stimuli, bound NPs can induce changes in
lipid phase behavior and, presumably, permeability.

Sau et al. (87) have also used electrostatic binding to prepare
d-LNAs with Au NPs. High NP surface coverage was
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Figure 3. Changes in bilayer embedment mechanism with increasing nanoparticle diameter (dyp, particle core + surface
coating). (A) Small nanoparticles (defined herein as dyp < 2 nm) cluster together to minimize bilayer bending energy [82].
(B) Larger nanoparticles (defined herein as dyp = 2 - 6.5 nm) create ‘pockets’ within the bilayer or (C) bridge adjoining
liposomes [23,77]. Above dyp = 6.5 nm, micellization is more energetically favorable than bilayer embedment [84].

achieved by using anionic Au NPs with physisorbed ascorbic
acid and cationic liposomes (9:1 DOPC to ethyl-DOPC;
T = -20°C). This high surface coverage was accompanied
by NP aggregation due to the high local concentration and
(probably) to charge screening via cationic lipids between
bound particles (similar to Kojima ez a/. (s8]). Binding was
also achieved on zwitterionic and anionic liposomes with
decreasing coverage (and NP aggregation), respectively.
Pornpattananangkul ez /. [89] have taken this one step further
and have shown that pH can be used to control carboxyl-
modified (anionic) Au NP binding to liposomes and, in
turn, liposome stability. Above the pK, of the carboxyl
groups, the bound NPs stabilize the d-LNAs and prevent
aggregation and fusion, while below the pK, the NPs detach
and liposome fusion resumes.

Last, LNAs can be formed by complexation (c-LNAs) if the
liposomes surround NP aggregates (Figure 1D1 and D2) or
the NPs bind to multiple liposomes and act as ‘bridges’
(Figure 1D2). Volodkin e al. 13 have shown that either struc-
ture can be formed from the same anionic Au NP-cationic
liposome by manipulating electrostatic interactions via
salt concentration. High NaCl concentration (75 mM)
enhanced NP aggregation (Figure 1D1-1) and low salt
concentrations inhibited it (Figure 1D2-1). In addition to non-
specific physical interactions (electrostatic), crosslinking can
be used to create c-LNAs. Mart et al [90] used FezO4
NPs coated with histidine groups to bind to and complex
zwitterionic—cholesterol liposomes containing Cu(iminodia-
cetate)-functionalized lipid. The objective was to demonstrate
a potential method using histidine-Cu(IDA) binding to form
c-LNAs, thereby concentrating a therapeutic and an imaging
agent at a target site. The resulting aggregates ranged from
20 to 100 pm in diameter.

3. LNA-controlled release

This section reviews recent work on gold or iron oxide
NP-mediated release from LNAs. Articles that apply these
principles iz vitro or in vivo are presented in Section 4.

3.1 Gold nanoparticles and photothermal effects
Utilizing the photothermal heating of Au NPs, Paasonen ez al.
(24] demonstrated the ability to control the release of calcein
(622.6 MW) from Au LNAs composed of DPPC/DSPC at
9:1 (T, = 44.9°C) with e-, d- and b-LNAs (Figure 1A-C).
Leakage was examined with and without UV light at a
wavelength of 250 nm over 30 min at 37°C. Without UV
exposure, spontaneous calcein release was observed for
e-LNAs with encapsulated mercaptosuccinic acid-coated
NPs and b-LNAs with embedded hexanethiol-coated
NPs. This was attributed to NP-lipid interactions at the
bilayer-water interface and within the acyl tail region, respec-
tively, which reduced bilayer integrity. With UV exposure,
direct contact between NPs and the liposomes via bilayer-
embedment led to the greatest release (~ 90% at 30 min).
Intuitively, direct contact would improve the local heat trans-
fer from the NPs to the liposomal bilayers relative to encapsu-
lation. This led to a gel-fluid phase transition where calcein
release was presumably enhanced by diffusion at the interface
between coexisting gel and fluid domains.

Volodkin ez al. 113 demonstrated the release of 5(6)-
carboxyfluorescein (CF; 376.3 MW) from LNAs formed by
the complexation of 128 nm cationic liposomes (DPPC/
DPTAP/chol, T,, ~ 40 - 45°C) and 20 nm anionic Au
NPs. Low NaCl concentration (7.5 mM) yielded LNAs
with NP-mediated liposome bridges (Figure 1D2-1; type I)
and high NaCl concentration (75 mM) yielded LNAs with
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liposome-coated NP aggregates (Figure 1D1-1; type II). The
type II LNAs were ~ 5 pm. CF release from type II LNAs
was observed within 5 s after near-IR irradiation.

Anderson et al. 191) utilized the principle of plasmonic
nanobubble (PNB) formation to control the release of
104 and 240 kDa proteins from cationic LNAs (~ 1 pm) con-
taining encapsulated 80 nm anionic Au NPs. Irradiation was
achieved using a single pump laser at 532 nm over 0.5 ns.
Local vapor bubble formation led to mechanical disruption,
as opposed to thermal, of the LNA bilayer and rapid protein
release. The advantage of PNB formation is heating is isolated
within the LNA triggering the immediate release of all
encapsulated cargo.

Wu er al 921 used hollow gold nanoshells (HGNs)
encapsulated within or decorating the surface of DPPC
liposomes to trigger CF release by near-IR pulses (800 nm)
via microbubble formation and collapse (Figure 1C-1). LNA
release was dependent on the proximity of the HGNs to the
liposomes (decorated or tethered HGNs yielded the greatest
response) and the laser power. Their results strongly suggest
that release was attributed to transient disruption or poration
of the lipid bilayer via transient bubble cavitation.

3.2 Iron oxide nanoparticles and alternating
magnetic field effects

Tai et al. 93] examined CF release from thermosensitive zwit-
terionic liposomes containing encapsulated dextran-coated
43 nm Yy-Fe;O3 NPs (Resovist™) using a high frequency gen-
erator (6.4 kW, 750 - 1150 kHz) operating for 5 - 25 min.
CF release from DPPC:Chol (5:1) liposomes without encap-
sulated NPs was initiated between 35 and 37°C. In contrast,
the LNA analogs exhibited initial release at 34 and 32°C
with 7 and 14 mg Fe/ml, respectively. This initial release
temperature was further tuned by increasing the cholesterol
content (DPPC:Chol at 15:3) and incorporating a higher
melting lipid (DSPC, T, = 55°C). Release was attributed to
NP heating. Using a rat model, they demonstrated that release
could also be achieved iz vivo.

Chen et al. [23] have recently examined the release of CF
from LNAs formed with DPPC and bilayer-embedded oleic
acid-coated 5 nm 7Y-Fe;O; NPs at lipid:NP ratios of
10000:1, 5000:1 and 1000:1 as a function of RF energy
(1 kW; 50 - 250 A, 281 kHz) (Figure 4). Experiments were
conducted at non-invasive RF energies near or below
4.85 x 10° kA m™' 5! for 0 - 40 min [59]. The greatest release
rate was observed at 5000:1, indicating an optimal NP load-
ing for triggering release. This optimum reflected a balance
between NP loading and LNA structure: high loading is
needed for triggering bilayer release, but can lead to NP aggre-
gation and can compromise LNA structure and stability.
A unique observation was the fact that increasing NP loading
reduced or eliminated spontaneous leakage by increasing
bilayer stability. CF release was attributed to bilayer disrup-
tion via local heating and/or LNA rupture, which produced
transient voids or pores.

4. LNA performance in vitro and in vivo

4.1 Cellular uptake and drug delivery

Chithrani et al. [94] prepared anionic Au decorated liposomes
with 105 nm dj, by incorporating Au-conjugated DPPE
(DPPE-Nanogold; 1.4 nm Au particles) into preformed
DPPC/cholesterol liposomes. Incorporation of DPPE-
Nanogold was confirmed by TEM and EDS. Liposome
uptake by Hela cells in vitro was independent of the DPPE-
Nanogold concentration (2000:1, 1000:1, and 500:1 Au
NPs per liposome). This key discovery suggests that the pres-
ence of DPPE-Nanogold does not influence cell uptake and
that high NP loadings can be achieved in such LNAs without
compromising internalization. Examining the intracellular
fate revealed that the Au-liposomes were present in lysosomes
and accumulated near the nuclear membrane after incubating
for 45 min.

Paasonen ez al. [95] examined uptake and light-induced
calcein release of b-LNAs prepared hexanethiol-coated Au
NPs (extension of [24). The LNAs were composed of
DSPC:DPPC (9:1 molar ratio) and were multilamellar with
sizes ranging from 250 to 370 nm. Iz vitro studies with
human retinal pigment epithelial cell line (ARPE-19) showed
that the b-LNAs were internalized by endocytosis and local-
ized in endosomes. Exposure to UV light at 400 mW/cm?
for 300+ s led to calcein release from b-LNAs, but not from
liposomes that did not contain embedded NPs.

4.2 Drug delivery and hyperthermia

Pradhan ez al. [20] recently prepared folate (Fol) ligated MLs
(e-LNAs) via TFH that contained co-encapsulated 60 nm
iron oxide NPs and doxorubicin (DOX) in PBS. A proposed
schematic of the e-LNA and the therapeutic concept is shown
in Figure 2. The lipid components included DPPC, Chol,
PEG,000-DSPE and Fol-PEG,(0o-DSPE, and the liposomes
exhibited a melting temperature near 41°C. The liposomes
were 361 nm in diameter and polydispersed (0.289), with
an NP encapsulation efficiency of 24% (low, presumably
attributed to the use of the TFH method). The liposomes
exhibited temperature-dependent DOX  release (more than
twofold increase from 37 to 43°C). Fol-receptor targeted
uptake was demonstrated in Hela and KB cell cultures, and
reductions in cell viability were attributed to a synergistic
effect of DOX and hyperthermia treatment achieved in the
presence of an AC EMF. While not mentioned specifically,
we speculate that liposomal heating by the NPs may have
aided DOX release.

Babincova and co-workers [96] prepared DPPC/PEG;¢00-
DSPE LNAs via REV that contained both dextran-coated
Fe;04 and Cgq fullerene (referred to as magnetofullereno-
somes) to achieve magnetic targeting and photodynamic
therapy (PDT), respectively. Bis(di-isobutyloctadecylsiloxy)-
2,3-naphthalocyanato silicon (isoBO-SiNc), a photosensitiz-
ing agent, was also encapsulated. LNA performance for
treating B16 pigmented melanoma was examined in vivo
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Figure 4. Controlled release of CF, a model encapsulated drug molecule, from magnetoliposomes consisting of 5 nm
hydrophobic iron oxide NPs embedded within the bilayers of DPPC liposomes. (A) Release is shown with (red) and without
(black) RF heating at 4.85 x 10° kA m™ s as a function of RF exposure. Images (B) and (C) show bare DPPC liposomes and the
magnetoliposomes, respectively. The initial and total leakage is shown as (D) a function of iron oxide concentration and (E)
the lipid:NP ratio (L:N), respectively. (F) Total CF leakage after 40 min of RF exposure could be varied with line current.

Reprinted from [23] with permission.

CF: Carboxyfluorescein; DPPC: Dipalmitoylphosphatidylcholine; NP: Nanoparticle; RF: Radiofrequency.

using a female mouse model. Without magnetic targeting,
Cgo-mediated PDT followed by isoBO-SiNc-mediated PDT
led to a significant reduction in tumor growth over 19 days
relative to no treatment or isoBO-SiNc-mediated PDT alone.
When magnetic targeting was applied (0.32 T magnet placed
on the tumor surface for 24 h), there was negligible tumor
growth over the same duration.

5. Expert opinion

Liposomes or NPs for therapeutic application are well estab-
lished and have been approved by the FDA for clinical use.
The combination of these two systems in hybrid structures
represents a unique opportunity for achieving multiple thera-
peutic objectives. The liposomes can act to concentrate small
NPs and shield them from the immune system. In turn, the

NPs can be used to initiate and control drug release when
exposed to external stimuli. However, the design and use
of LNAs is still in its infancy. This is apparent from the
literature where, for example, NP loading is expressed in
multiple ways (e.g., total concentration; lipid:NP molar
or mass ratios; liposome:NP surface area ratio). Further stud-
ies in the design and use of LNAs are needed addressing the
following questions:

o How do physical and chemical interactions between NPs
and the lipid bilayer affect LNA formation, structure and
stability? Encapsulated, decorated and embedded NPs
can affect lipid ordering (ordering or disordering are
possible) and alter bilayer phase behavior. Ordering or
phase state affects the permeability and stability of
LNAs. These effects will be dependent on the physical
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Figure 5. Controlled release mechanisms of LNAs. (A) Thermally-induced phase transitions due to NP heating where release is
achieved through high diffusivity at the interface between gel and fluid lipid phases. (B) Mechanically-induced release where
the bilayer is ‘broken’ due to bubble formation/rupture as a result of NP heating. (C) Mechanically-induced release where the
bilayer is ‘broken’ due to NP rotation or oscillation at or within a LNA bilayer.

LNA: Liposome-nanoparticle assembly; NP: Nanoparticle.

and chemical properties of the liposome, the NP and the
dispersing phase. Studies are needed that demonstrate
the relationship among NP loading; liposome morphol-
ogy, structure and stability; and bilayer permeability for
different LNA designs.

Is the concept of local or nanoscale heating valid and under
what conditions? LNAs designed for controlled release
usually report a local or nanoscale heating mechanism
where the NPs transfer heat to the LNA and cause a
phase change within the bilayer that triggers bilayer
permeabilization. From this rationale, NPs in close
proximity to bilayer, such as the case for embedment
or decoration, would have the greatest effect on con-
trolled release. However, other release mechanisms as a
result of NP stimulation, working in tandem with
bilayer heating, may be utilized (Figure 5). This state-
ment is based in part on work by Keblinski ez al (651,
who have shown that the theoretical temperature differ-
ence between an NP surface and the bulk phase due to
EMF heating (light or RF) is almost negligible. This
was further verified experimentally by Gupta ez al. [97)
and Bothun and Preiss (98] for Fe304 NPs heated by
RF. The fact that little difference between nanoscale
and bulk heating is observed is due to the negligible
heat transfer resistance in nanoscale films and rapid
heat dissipation from the NP surface. Hence, NP heat-
ing does indeed occur and can trigger LNA release, but
the heating is not localized to the LNA and no measur-
able difference can be observed with the bulk phase. It is
unlikely that a lipid bilayer, even in contact with the NP
surface, would exhibit a different temperature than that
of the surrounding aqueous phase.

® What is LNA toxicity and how does the design strategy

affect? It is unclear if LNA toxicity will stem from
the liposomes or the NPs, or if a synergistic effect
will occur. Toxicity, which is important from a clinical
perspective, will depend on the LNA design and asso-
ciated colloidal stability. For example, toxicity could
be ‘Tow’ if an LNA can retain its NP agent until
it reaches a target site. This could be the case for
bound NPs formed by embedment or encapsulation.
However, ‘higher’ toxicity could occur if the NPs
are released during circulation (i.e., toxicity of
liposomes + NPs). Release of encapsulated NPs could
be attributed to liposome fusion or bilayer disintegra-
tion, release of embedded NPs may occur due to
bilayer solubilization by surface-active agents, and
release of decorated NPs may occur due to charge
screening or competitive binding.

What clinical challenges exist to LNA-based therapeutic
assemblies? As with toxicity, it is unclear if LNAs present
unique clinical challenges beyond those reported for
liposomes or NPs [3422]. These challenges include
achieving biocompatibility, bioavailability, and cellular
targeting and uptake. LNA structure, function and
stability will clearly impact how these challenges
are addressed.
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