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Liposomes are a unique platform for drug delivery, and a number of liposomal formulations have already
been commercialized. Doxil is a representative example, which uses PEGylated liposomes to load
doxorubicin for cancer therapy. Its delivery relies on the enhanced permeability and retention (EPR)
effect or passive targeting. Drug loading can be achieved using both standard liposomes and also those
containing a solid core such as mesoporous silica and poly(lactide-co-glycolide) (PLGA). Developments
have also been made on active targeted delivery using bioaffinity ligands such as small molecules,
antibodies, peptides and aptamers. Compared to other types of nanoparticles, the surface of liposomes
is fluid, allowing dynamic organization of targeting ligands to achieve optimal binding to cell surface
receptors. This review article summarizes development of liposomal targeted drug delivery systems, with
an emphasis on the biophysical properties of lipids. In both passive and active targeting, the effects of
liposome size, charge, fluidity, rigidity, head-group chemistry and PEGylation are discussed along with
recent examples. Most of the examples are focused on targeting tumors or cancer cells. Finally, a few
examples of commercialized formulations are described, and some future research opportunities are
discussed.
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1. Introduction

Targeted drug delivery offers tremendous advantages by
improving therapeutic efficacy and reducing side effects."
To achieve this goal, a diverse range of nanoscale delivery
vehicles have been developed.”™ Lipid vesicles such as lipo-
somes are particularly attractive for drug delivery. For one,
lipids are the basic component of the cell membrane and many
lipids are highly biocompatible, omitting the problem of
biodegradation.>® In addition, many types of drug molecules,
both hydrophilic and hydrophobic ones can be loaded. Lipids
can also wrap around inorganic and polymeric nanoparticles to
form supported lipid monolayers or bilayers,”® where fluid
lipid surfaces then allow for attaching targeting ligands.'® The
fundamental biophysics of lipid membranes is very intriguing
and interesting, which in turn may affect drug delivery.'*™*
Properties like lipid domain formation, fluidity, polyvalent
binding, leakage and fusion have all been used in drug delivery.
Compared to inorganic delivery vehicles, liposomes are softer
and can be more easily deformed. Fluidic membranes allow
dynamic ligand reorganization. Therefore, fundamental studies
on the biophysical front can also guide rational design of drug
formulations.

Liposomal drug delivery has already been extensively
reviewed.>'®?° Fundamental physical studies of lipid mem-
branes are also advanced.>'™>* However, connections between
these two communities exist only in limited and scattered
examples. The goal of this review is to emphasize on the
biophysical aspects of lipids and connect them to the perfor-
mance of drug delivery formulations. Most examples covered in
this review were published within the past decade.
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2. Some common and novel lipids

A typical lipid molecule contains a hydrophilic headgroup and
two hydrophobic tails (Fig. 1a). The charge of lipids and their
chemical properties can be varied by changing the headgroup,
while the hydrophobic tails mainly govern the packing in
membranes. A vast number of lipids are found in nature and
more are available via chemical synthesis. A few commonly
used lipids are listed in Fig. 1. Phosphatidylcholine (PC) lipids
are the main constituent of the outer membrane of eukaryotic
cells and they are highly biocompatible. The structure of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) is shown in
Fig. 1c. A PC headgroup contains a negative-charged phosphate
and a positive-charged choline. Since phosphate has a pK,
lower than 2 and choline is a quaternary ammonium
cation,>”*> PC is zwitterionic and overall charge neutral over
a wide pH range.>** PC is highly hydrated possessing strong
anti-fouling properties (e.g. resisting protein adsorption).”®*”
The tail structures can be changed rendering different phase
transition temperatures (7). T, is an important parameter that
governs the fluidity of lipid bilayers. Above T, lipid tails have
gauche conformation and can diffuse more freely, and the
membrane exist in a liquid crystalline phase.*® Below T, lipid
tails are extended and diffuse slowly, and the membrane is in a
gel-like state. It needs to be noted though, the diffusion
coefficient of lipids within membranes differ only by a few
folds for the fluid and gel phased membranes.?® Generally, T,
increases with the length of carbon chain, but decreases
significantly when a double bond is present. For example, DOPC
containing two double bonds in the tail has a T, of —20 °C.
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Fig. 1d)
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Fig. 1 Schematic illustration of (a) a lipid and (b) a liposome. Chemical structures of a few representative lipids and their phase transition temperatures,
(c) DOPC, (d) DPPC, (e) DMPC, (f) DOPE, (g) DOPS, (h) DOTAP, (i) cholesterol, (j) DOCP, (k) DOCPe, () DPSB, (m) DPCB and (n) S-PC.
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and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Fig. 1€)
both have saturated tails, and their 7.’s are 41 °C and 23 °C,
respectively.

Phosphatidylethanolamine (PE) lipid (Fig. 1f) is the second
most abundant headgroup in mammalian cell membranes
(~25% of total lipids), and it is especially rich in brain
membranes reaching around 45%.>° Compared to PC lipids,
PE lipids have a smaller headgroup and prefer negative curvature.
As a result, they tend to form nonlamellar structures and pure PE
lipids cannot form stable bilayers.*’”* Other lipids need to be
mixed with PE lipids to form liposomes.**>** PE lipids are usually
incorporated in liposomes to induce membrane fusion.*

Phosphatidylserine (PS) lipids are another important com-
ponent in the cell membrane. Although only at around 3%, PS
lipids play important biological functions.***® The PS head-
group is negatively charged at physiological pH and contains a
few metal binding ligands such as amine and carboxyl groups
(Fig. 1g).*” PS lipids are enrich in the inner leaflet of the cell
membrane, and flipping of PS lipids to the cell surface initiates
cell apoptosis.*® A number of proteins bind to PS specifically,
and a well-known example is annexin V, which is a Ca>*
dependent PS-binding protein. Annexin V binding with cell
membrane can signal the translocation of PS to the external cell
surface, an early indication of cell apoptosis.*”

Although the majority of natural lipids are negative or
neutral, positively charged lipids can be obtained synthetically.
1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) is a positive-
charged synthetic lipid (Fig. 1h). Since the cell membrane is
negatively charged, positive charged DOTAP could interact with
cells via electrostatic interactions. Cationic liposomes are effective
to load negatively charged nucleic acids, and they were widely used
as transfection agents.*®*! However, positively charged liposomes
can elicit immune responses and affect signaling pathways, and
are known to be toxic to cells."

Cholesterol is another important lipid, representing
~30-40 mol% of the total lipids of erythrocyte membranes.
Cholesterol consists of four fused hydrocarbon rings with one end
linked to a small polar hydroxyl group (Fig. 1i). With a planar and
rigid structure, cholesterol is a key regulator of membrane fluidity
and plays an important role in lipid lateral organization. Cholesterol
can make fluid phase membranes more rigid, but broaden the
transition of gel phase membranes. In addition, cholesterol can
decrease the permeability of lipid membranes.**™*

2-((2,3-Bis(oleoyloxy)propyl)dimethylammonio)ethyl hydrogen
phosphate (DOCP) (Fig. 1j) and 2-((2,3-bis(oleoyloxy)propyl)-
dimethylammonio)ethyl ethyl phosphate (DOCPe) (Fig. 1k) are
two synthetic lipids.*® In these lipids, the orientation of head-
group dipole is inversed compared to that in PC lipids.?” DOCP is
negatively charged, and DOCPe is charge neutral showing anti-
fouling properties.*® A few CPe dendrimers and polymers were
reported to strongly adhere to PC membranes based on dipole
mediated interactions,***® although we did not observe such
interactions using CPe liposomes.*®

1,2-Dipalmitoyl-sn-glycero-3-sulfobetaine (DPSB) (Fig. 11) and
1,2-dipalmitoyl-sn-glycero-3-carboxybetaine (DPCB) (Fig. 1m)
are newly emerged zwitterionic headgroup-inversed lipids
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without a phosphate group. Both show intermolecular interactions
with PC lipids that arise from the oppositely charged head-
groups.®™? Some lipids have modifications at lipid tails, for
example, thioether phosphatidylcholines (S-PCs) (Fig. 1n).>?
Such a modification is sensitive to the environment, providing
opportunity for stimuli-responsive drug release.

3. Liposome preparation and drug
loading

Liposomes are vesicles made of lipid bilayers (Fig. 1b). We first
briefly introduce a few common methods for preparing liposome
and related drug loading. The most common Bangham method
involves the formation of a lipid film by evaporating the organic
solvent used to dissolve lipids.>® After hydration with an aqueous
solution, multilamellar vesicles with a heterogeneous size distribu-
tion are formed. By extrusion through a polycarbonate membrane,
small unilamellar vesicles (SUVs) with a narrow size distribution
are obtained (Fig. 2a). The extrusion temperature needs to be
higher than the T. of the lipids. This method can produce
liposomes from ~50 nm to ~200 nm. The larger the membrane
pores, the more likely to form multilaminar vesicles. Other
methods to prepare liposomes include sonication, reverse phase
evaporation, solvent injection technique, and detergent dialysis.*

For hydrophobic drugs, they are often loaded in the lipid
bilayer region. This requires co-dissolving lipids and drugs in
an organic solvent. After evaporating the solvent, the drug
molecules are trapped with a high efficiency. Hydrophilic drugs
are typically loaded during hydration of lipid films by using a
drug containing solution for hydration, which is called passive
loading.>®™” Since the volume fraction of liposomes is quite
small compared to the volume of the whole solution, the
loading efficiency is low for passive loading. Efforts have been made
to increase the loading efficiency by varying lipid composition,
preparation methods, and lipid-drug interactions.”*™*!

Active drug loading, also known as remote loading, refers to
loading drugs into preformed liposomes. Active loading usually
takes advantages of diffusion properties when a pH gradient is
established across lipid bilayers.”® This method requires drugs
to have both an uncharged form and a charged form, where
only the uncharged drugs can cross liposome membranes. Once
diffused into liposomes, they become charged and membrane-
impermeable and entrapped inside. The remote loading method
has led to the successful development of many commercial
formulations. For Myocet™, a pH gradient was created by prepar-
ing liposomes in acidic citrate solution followed by adding a basic
solution to raise the pH of the external solution, driving doxo-
rubicin (DOX) inside the liposomes. For Doxil®, a pH gradient
was generated by a transmembrane ammonium sulphate
gradient. Ammonium salts could dissociate into ammonia and
protons. Since ammonia has a high membrane diffusivity, a pH
gradient can also be created. Thus, DOX can influx into liposomes
and precipitate with ammonium counter ions remained inside
to form membrane-impermeable drug complexes (Fig. 2b).>®
Kirpotin and coworkers improved the loading efficiency by

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Schematic illustration of liposome preparation via hydration of dried lipid films followed by extrusion. (b) Drug loading using the ammonium
gradient method. (c) Schematic illustration of the loading of CPT-11 using polyanionic trapping agents. The structures of polyanionic trapping agents of

TEAGSOS and TEA-Pn are shown.

using a sterically hindered amine with a highly-charged multivalent
anionic trapping agent, triethylammonium salts of poly(phosphate)
(TEA-Pn) or sucrose octasulfate (TEAgSOS) (Fig. 2¢).%> Each TEAgSOS
releases eight protons and forms an octavalent SOS®~. SOS®*~ could
facilitate the formation of a stable intraliposomal drug-polyanion
complex. At the same time the displaced triethylammonium could
dissociate and traverse the lipid bilayer as triethylamine, generating
a pH gradient. With this method, a water-soluble cancer drug,
CPT-11 (irinotecan), was encapsulated in liposomes up to 800 g
CPT-11 per mol phospholipid (a drug-to-phospholipid molar ratio
of 1.36:1).

In addition, a concentration gradient can be used to improve
drug loading efficiency when the pH gradient method is not
suitable. For example, gemcitabine (Gem) has a pK, of 3.6, which
cannot be extensively ionized in the acidic compartment of
liposomes. Yeo et al. reported loading of Gem into liposomes
using combined ammonium and concentration gradients, in which
osmosis pressure provided an additional driving force pushing Gem
inside the liposomes.®® For example, the liposomes were dispersed
in a saturated Gem solution thus generating the maximum concen-
tration gradient across the liposomal membrane. Alternatively,
liposomes were first filled with a hypertonic sodium chloride
solution (462 mM) and suspended in a Gem solution. A high
osmotic pressure created by the different ionic strengths drove
the diffusion of Gem along with water into the liposomes.
By combining a transmembrane pH gradient and a concen-
tration gradient, the loading efficiency reached about 10 wt%.

4. Biophysical properties of liposomes
for drug delivery
4.1 Liposome size

The size of liposomes is very important for drug delivery.®!
On one hand, it affects the blood circulating time of liposomes.

This journal is © The Royal Society of Chemistry 2021

The clearance of nanoparticles and macromolecules in the
bloodstream is mediated by the renal system, mononuclear
phagocytic system (MPS) or reticuloendothelial system (RES).
Since the estimated threshold for first-pass elimination by the
kidneys is 10 nm, molecules and nanoparticles below 10 nm
are rapidly eliminated by the renal system, while larger nano-
particles are mainly cleared by MPS.®®> On the other hand,
vasculature in tumors is leaky due to enlarged endothelial
pores, allowing nanoparticles with proper size to escape from
the bloodstream and accumulate at tumor tissues rather than
healthy organs. This is known as the enhanced permeability
and retention (EPR) effect, although some recent work sug-
gested that the EPR effect might not be as important in real
tumors.®*®” Dysfunctional lymphatic drainage in tumors also
helps to retain accumulated nanocarriers and allows them to
release drugs into the vicinity of tumor cells. Experiments using
liposomes of different sizes suggested that the upper threshold
for extravasation into tumors was ~400 nm,’® and other
studies have shown that particles smaller than 200 nm were
more effective.’® In comparison, penetration through regular
healthy vasculature is limited to 1-2 nm.®°

4.2 Liposome charge

To achieve a long blood-circulation time, charge neutral
zwitterionic PC liposomes are the most frequently used to
reduce protein binding.?®?” To further increase the circulation
time, liposomes were modified with hydrophilic polymers
to evade MPS detection (i.e. stealth liposomes). Some early
research coated monosialotetrahexosylganglioside (GM1) or
hydrated phosphatidylinositol (HPI) to mimic cellular poly-
saccharide coating.”””! However, they are too costly for large
scale preparation. PEG is currently used in clinics for this
purpose. PEGylation increases liposome surface hydration,
inhibits liposome aggregation, and further discourages adsorp-
tion of proteins.””*

Nanoscale Horiz., 2021, 6, 78-94 | 81
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Incorporation of negatively charged lipids accelerates clear-
ance of liposomes due to adsorption of proteins.'”””*” Cationic
lipids are mostly used for nucleic acids delivery.”® Since nucleic
acids are negatively charged, they can be condensed by cationic
lipids facilitating cellular uptake. Cationic lipids are in general
toxic to cells and are rapidly cleared from circulation.””
Systemic delivery using cationic liposomes was rarely explored
and we will not cover cationic lipids further in this review.

4.3 Liposome fluidity

The structure of lipid tails strongly influences the T of lipids, and
controls their mechanical strength, lateral diffusion and perme-
ability. The membrane permeability is the largest at T, because of
the coexistence and interconversion of the two phases, creating
leaky phase boundaries (Fig. 3a).”®”® Many thermal-responsive
liposomal drug delivery systems have been developed and
reviewed.®® A distinct feature of lipid membranes compared to
inorganic surfaces is surface fluidity, allowing dynamic organiza-
tion of the anchored ligands.*" ® Rearrangement of immobilized
ligands allows for optimal polyvalent binding, increasing binding
affinity (so called avidity for describing polyvalent interactions)
(Fig. 3b).>*® Tumor targeting by manipulating membrane fluidity
was demonstrated in a recent work, with fluid liposomes prefer-
entially targeting the tumor cells and gel-phase liposomes targeting
the healthy cells.*®

Another interesting property of lipid bilayers is their lateral
organization. In addition to the liquid-crystalline phase and gel
phases, phospholipids can form a liquid crystalline ordered
phase (L,) in the presence of cholesterol. Some ternary or four-
component lipid mixtures can separate into distinct phases,
a liquid-disordered (Lq) phase comprising mainly unsaturated
lipid species, and a more packed liquid-ordered (L,) phase

View Article Online
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enriched in saturated lipid and cholesterol.*””*® By incorpora-
ting fluorescent probes that selectively partition in the Lq or L,
phase, phase separation can be observed by confocal fluores-
cence microscopy (Fig. 3c).?”

Another related factor that can be manipulated to facilitate
drug delivery is lipid membrane rigidity or mechanical proper-
ties (Fig. 3d).*° Lipids with a higher T. afford a more rigid
structure with less deformability, while lipids with lower T are
more flexible.*>°° Membrane rigidity influences both cellular
uptake and liposome penetration in extracellular matrix (ECM)

environment.5%°%92

4.4 Liposome fusion

Lipid membrane fusion is critical in many biological processes,
but it does not happen spontaneously.”® Membranes need to
come close enough and overcome repulsion and hydration.
Liposome fusion can be induced by metal ions and fusogenic
lipids (e.g. PE lipids). In addition, the recognition of ligands
pair, including DNA hybridization,’*°® peptide binding,””°
and small molecules can also facilitate liposome fusion.'%*>

Intracellular lipid bilayer fusion is mediated by the SNARE
protein family (soluble N-ethyl-maleimide-sensitive fusion
protein attachment protein receptor).'®® With v-SNARE (vesicle-
SNARE) and t-SNARE (target-SNARE) located at the transport
vesicle and the target membrane, respectively, the formation of
coiled coil complementary SNARE protein complex brings
membranes closer, induces lipid rearrangements, and conse-
quently merges the lipids. Drug delivery directly via liposome
fusion with cell membrane is possible."**'°® In comparison
with cellular uptake via endocytosis, the membrane fusion
strategy delivers drug into the cytosol directly, avoiding lysosomal
degradation.

(a) Phase Transition Temperature (T,) (b) Avidity
\Ynm:v— 4;." Blood cell ( ;\‘ E ,:m:y;«" ;::-;:
1 = = AR =/ i
+ ) (@
&? X \-/ Affinity

Gel phase Liquid-crystalline phase
T<T, T=T, T>T,
Temperature
(c) Phase Separation

[}
1
@
£
] o
£
S
°

capture
| ———y

(d) Rigidity

H_/

Rigid Liposome Deformed Liposome

Fig. 3 Some properties of liposomes provided by lipid bilayer fluidity. (a) Lipid phase transition temperature, (b) binding avidity, (c) Lg/L, phase
separation, and (d) liposome rigidity. Panel (b) reproduced with permission from ref. 85. Copyright © 2020 American Chemical Society. Panel (c)
reproduced with permission from ref. 87. Copyright © 2005 The National Academy of Sciences. Panel (d) adapted with permission from ref. 89.

Copyright © 2019 American Chemical Society.
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5. Passive targeting
5.1 Effect of liposome size

Passive targeting refers to the accumulation of drug-loaded
liposomes or other nanomaterials in tumors based on the
EPR effect, while active targeting relies on specific ligand
binding.'°® Under typical tumor conditions such as inflamma-
tion and hypoxia, endothelium of blood vessels are permeable
to accumulate nanoparticles. At the same time, nanoparticles
are better retained due to a lack of the normal lymphatic
drainage.'®”'% The size of liposomes, which is an important
parameter related to blood circulation time, extravasation
through leaky vasculature, and macrophage uptake, has long
been studied for their effect on drug delivery. Generally, a
decrease in liposome size reduces their uptake by the RES
system, increasing blood circulation time. Liposomes of
~100 nm are most commonly used for long blood circulation
and EPR effect.'®>"'* A recent research studying rheumatoid
arthritis (RA) targeting also showed egg yolk lecithin (EPC)
liposomes with a size of 100 nm had a longer blood circulation
time of 12.85 h than liposomes with a size of 70 nm, 200 nm or
350 nm in healthy mice.""" The longer circulation time also
resulted in a higher accumulation in inflamed joints. Although
size is an important parameter, liposome circulation and
accumulation are also affected by lipid composition and
surface modifications.

5.2 Polarity of lipid headgroup

While the majority of drug delivery work used PC-based lipids,
we herein give an example of its headgroup inversed CPe
liposomes (see Fig. 1k for structure). Based on the fundamental
studies that DOCPe liposomes did not adhere to DOPC lipo-
somes, cells or proteins, Li et al. studied the circulation time
of DOCPe liposomes compared to DOPC liposomes in vivo.*®
Near-infrared (NIR) fluorophore-labeled liposomes were
injected in the tail vein of mice and their concentrations in
blood were followed by measuring the fluorescence in the
plasma at different time points. The DOCPe liposomes had a
longer circulation time than the DOPC liposomes (Fig. 4a),
which was attributed to the greater resistance of DOCPe uptake
by macrophages. Such longer circulation allowed better accu-
mulation of the DOCPe liposomes in tumors based on the EPR
effect (Fig. 4b).

Taking advantage of the longer circulation time and
enhanced tumor site accumulation, the simultaneous encapsu-
lation of a radiotherapy sensitizer, voinostat (a histone deace-
tylase inhibitor), and hypoxia-activated banoxantrone dihydro-
chloride (AQ4N) in DOCPe liposomes for cascaded chemo-
radiotherapy was developed."'> On one hand, voinostate is an
effective radiosensitizer that overcame the intrinsic radioresis-
tance by inhibiting repair of damaged DNA caused by radiation.
On the other hand, radiation consumed O, and generated a
hypoxia status in cells, which activated the cytotoxicity of AQ4N
to kill the hypoxia tumor cells. This DOCPe-based formulation
exhibited 2.9-fold higher tumoral accumulation than the DOPC
liposomes in BALB/c mice, and the radiation therapy with

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) In vitro fluorescence images of the mice plasma extracted at
different points after injecting DiR- or DiO-loaded DOPC and DOCPe
liposomes. (b) Time-dependent imaging of mice with MDA-MB-231 breast
cancer xenografts injected with DiR-loaded DOPC and DOCPe liposomes.
The tumors are indicated by the red circles. Reproduced with permission
from ref. 48. Copyright © 2017 American Chemical Society.

the DOCPe formulation showed ~75% tumor suppression
after 20 days.

5.3 Effect of liposome rigidity

Membrane rigidity and mechanical properties not only affect
cellular uptake but also extracellular diffusion.’ "> The rigidity
of lipid membranes can be adjusted by varying lipid tail chemistry
or incorporation of cholesterol. Generally, membrane rigidity
increases with the increase of tail length or incorporation of
cholesterol into fluid phase lipids.>>***™** The Schroeder’s group
studied the effect of lipid composition on cellular uptake of PC
liposomes by triple negative 4T1 breast cancer cells. By using flow
cytometry, the authors demonstrated that the cellular uptake
increased with the increase of acyl chain length, with DSPC
(18:0) > DPPC (16:0) > DMPC (14:0). They further showed
that the DMPC (14:0) and DLPC (12:0) liposomes could desta-
bilize cell membranes leading to decreased cell viability.
In contrast, liposomes with longer acyl chains, e.g., DSPC (18:0)
and DPPC (16:0) enhanced cancer cell proliferation due to the
integration of the liposomal lipids into cancer cell membranes.
Rigidification of DMPC (14:0) membrane by incorporation
cholesterol also improved cellular uptake.”

Tumors are surrounded by an extracellular matrix that
provides a barrier for vesicles to reach the cells. Membrane
rigidity and deformability of liposomes affect their diffusion
through extracellular matrix and multicellular spheroid (MCS)
penetration. Dai et al. prepared liposomes with the same surface
properties but different rigidity by varying lipid chain length and
degree of saturation.®® In vitro cellular uptake studies showed that
liposomes with a stiff membrane (Lip4, DSPC 18:0) had a greater
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cellular uptake and cytotoxicity. However, in MCS rich in fibrous
matrix mimicking the microenvironment of solid tumors, the
liposomes with a moderate rigidity (Lip3, DPPC, 16:0) exhibited
the best penetration and retention in tumor interstitial space.
In addition, hydroxycamptothecin (HCPT) loaded Lip3 showed
significantly enhanced tumor toxicity compared to the stiffer or
softer liposomes (e.g., Lip2, DMPC). The improved tumor suppres-
sion effect of Lip3 was explained by its transformation to a rod-
like shape as observed by stimulated emission depletion (STED)
microscopy, while the stiff liposomes hardly deformed and softer
liposome (with unsaturated acyl chains) changed to irregular
shapes (Fig. 5), both slowed the MCS penetration.

Sakai-Kato and coworkers also reported that liposome
membrane rigidity (characterized by bend moduli K.) affected
their penetration into three-dimensional tumor spheroids of
HelLa cells.®® In their work, the liposomes were prepared using
HSPC/HSPC-PEG (94.7/5.3), and the K. was increased by including
cholesterol (HSPC/chol/PEG-HSPC, 56.3/38.4/5.3). Penetration
in the tumor spheroids was governed by both diffusion through
the intercellular space and cellular uptake. They found the
penetration efficiency of liposomes increased as K. increased,
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while the cellular take efficiency was saturated when K. was
greater than 3.3 x 107" J, indicating the penetration of lipo-
somes into spheroids was not solely controlled by cellular
uptake. Additional contributions may be from less deformation
of the liposomes with a larger bending modulus resulting in a
weak adsorption on the extracellular matrix (and thus less
impeded by the matrix).

5.4 Effect of surface PEG

PEGylation is an efficient and popular strategy to prevent
the liposome clearance via phagocytosis by reducing plasma
protein adsorption. PEG chains are usually attached to lipo-
somes via PEGylated lipids such as PEG-DSPE. Huang and
coworkers reported PEG-modified large wunilamellar egg
PC/chol liposomes ( ~200 nm) showing a long blood circulation
half-life (¢;/,) of 5 h compared to those without PEG (less than
30 min).""® In another work, PEGylation of egg PC/chol lipo-
somes (100 nm) showed a 5-fold increased blood circulation
time up to 15.3 h, with significantly reduced liver and spleen
uptake and increased accumulation in the implanted
tumors.'"” The effect of PEG depends on both its density and

ﬂ . ." |
-
_

Fig. 5 Snapshots and trajectories of liposomes in BxPC3-HPSC MCSs imaged by STED microscopy at different time points. The schemes on the left
indicate the deformation of liposomes of different rigidity. On the right, the red spots are from the Dil-labeled liposomes. The areas between the yellow
lines indicate the tumor stroma. The soft liposomes, Lip2 and Lip5, were deformed irregularly and diffused in a small area. Lip4 with high rigidity showed
little deformation during movement. Lip3 with intermediate rigidity changed from spherical to ellipsoidal with high-speed movement. Scale bars: 1 pm.
Adapted with permission from ref. 89. Copyright © 2019 American Chemical Society.
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length, and 5 mol% PEG2000-DSPE is a good starting point for
futher optimization,'®'*811?

In a work studying liposome circulation in healthy ICR mice,
5 kDa PEG showed a longer ¢;,, of 15.83 h than 1 kDa (11.21 h),
2 kDa (12.85 h) or 10 kDa (11.41 h). In addition, the liposomes
with 10% PEG (5 kDa) had a longer t;,, of 15.83 h compared to
the liposomes with 5% (10.52 h) or 20% PEG (13.6 h). The
passive targeting efficiency, however, was similar for the for-
mulations with 5, 10, and 20% PEG (5 kDa), which indicated
that the PEG content (within a limited range) might not be
crucial for the targeting."'" In addition to the effect on blood
circulation time, PEGylation was reported to affect tumor
spheroid penetration. The efficiency of penetration into HeLa
spheroids was greater for HSPC/chol than for HSPC/Cho/PEG-
DSPE, although they had a similar bending module.?

Although the general understanding is that PEGylation
enhances the blood circulation, extensive PEGylation can result
in negative effects on liposomal drug delivery, including
reduced cellular uptake and inhibited endosomal release.'*°
Moreover, accumulated evidence suggested that PEGylated
liposomes are prone to rapid clearance by the accelerated blood
clearance (ABC) phenomenon, which is stemmed from the
incomplete blockage of liposome surface from proteins adsorp-
tion in biological milieu."*""**

5.5 Effect of lipid phase separation

Stachowiak and coworkers studied phase-separated liposomes
for delivery to cytoplasm."?® The Lg/L, phase separation of the
ternary DOPC/DPPC/chol system has been well studied. In their
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work, cationic and fusogenic DOTAP lipid with a low T, was used
in lieu of DOPC. Based on the phase diagram of DOTAP/DPPC/
chol (Fig. 6a), phase separated liposomes with 1:1 DPPC/chol
containing up to 24 mol% DOTAP were prepared. In addition,
DOTAP/DOPC liposomes were prepared as non-phase separated
controls. The phase separated liposomes showed 8-10 times
higher lipid transfer rates to DOPC GUVs compared to the non-
phase-separated ones. In addition, the shielding effect of PEG was
less obvious on the phase separated liposomes, which was
attributed to the saturated PEGylated lipid palmitoyl tails prefer-
ring to reside in the L, phase while the DOTAP lipids in the Lyq
phase being less shielded (Fig. 6b). For the cell uptake studies, the
5 mol% DOTAP phase separated liposomes enhanced liposome
fusion with cells by 4-5 fold compared to the homogeneous
liposomes, which was attributed to the phase separation concen-
trating the DOTAP lipids in specific regions. Flow cytometry
analysis showed the dextran loaded phase-separated GUVs
(Fig. 6¢) containing 24 mol% DOTAP could deliver dextran 4
times more efficiently than the homogenous vesicles (Fig. 6d).
Membrane phase separation reduced the total DOTAP required
for fusion to as low as 5 mol%, which was significantly less than
typical DOTAP-containing delivery systems with 50-100% DOTAP.

6. Active targeting
6.1 Effect of PEG

Active targeting relies on the functionalization of liposome
with affinity ligands such as antibodies, aptamers or small
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TRITC-Dextran Fluorescence

(a) A DOTAP/DPPC/cholesterol phase diagram at 25 °C. Texas red—DPPE (0.3 mol%) was used to visualize different phases. (b) Schematic

illustration of phase-separated DOTAP containing SUVs fusing to a GUV. (c) Confocal fluorescence micrographs of phase separated (24 mol% DOTAP,
38 mol% cholesterol, 36 mol% DPPC, 2 mol% PEG2000-DPPE) and homogeneous (24 mol% DOTAP, 74 mol% DOPC, 2 mol% PEG2000-DPPE)
liposomes loaded with TRITC—dextran (red). The liposomes were labeled with 1 mol% Oregon green—DPPE (green). (d) Flow cytometry histograms of
cells incubated with GUVs loaded with TRITC—-dextran. Adapted with permission from ref. 123. Copyright © 2017 Biomedical Engineering Society.
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molecules that can bind to surface receptors of target cells.
In active targeting, PEG was used as a stealth coating to increase
blood circulation and as a spacer to link targeting ligands to
liposomes. Although PEG2000 (~45 repeating units of ethylene
glycol: EG 45) is widely used as a clinical standard, Bilgicer,
Kiziltepe and coworkers reported enhanced cellular uptake by a
shorter PEG on liposomes with a targeting peptide.'*® In their
work, a short cyclic peptide antagonist of the human epidermal
growth factor receptor 2 (HER2) (YCDGFYACYMDV, HER2-pep)
was functionalized on liposomes (95:10:3:2 HSPC: Chol: PEG:
HER2-pep), and the cellular uptake of the liposomes of different
lengths of PEG was compared (Fig. 7a). The HER2-pep targeting
liposomes showed no difference in uptake by the HER2 over-
expressing SK-BR-3 and BT-474 cells compared to the non-
targeting liposomes when PEG2000 coating was used. In addition,
the EG45 peptide linker itself limited the availability of the
peptide to bind to its receptor. The long PEG chains might
fold into globular mushroom like structures that blocked
the accessibility of the targeting ligand. When a short PEG350
(~12 repeating units) was used in combination with an EG12
linker, a ~9-fold greater uptake was observed than the control,
whereas the uptake reduced when the linker was longer
than EG24 and completely diminished with EG45 and EG72
(Fig. 7b). Confocal fluorescence images also revealed signifi-
cant increased cellular uptake of HER2-liposomes with PEG350
and EG12 linker (Fig. 7d). The enhancement observed with
shorter linker was attributed to several reasons, including
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reduced overall entropic loss when cells bind to a shorter linker
with reduced translational and conformational freedom, decreased
nonspecific interactions of peptides with lipid bilayers and
increased avidity.

In another system, the cellular uptake of VLA-4 pep (YCDPC)
labeled liposomes with PEG350 coating and EG12 linker
showed a ~100-fold enhancement by VLA-4 overexpressing
myeloma cells. Interestingly, the cellular uptake of the peptide
targeted liposomes can be significantly increased by including
a short oligolysine (Kj, lysine with 3 repeat units) chain
adjacent to the targeting peptide (Fig. 7c). A dramatic increase
in cellular uptake up to ~80-fold for the VLA-4/multiple
myeloma system was observed using an EG6 peptide-linker
and PEG2000 coating.’*® The hydrophilic oligolysine chain
might increase the display of the peptide, thus enhancing the
availability of peptide to bind to its target receptor.

Liu and coworkers studied hyaluronan (HA)-grafted lipo-
somes targeting tumor cells overexpressing CD44 via receptor-
mediated endocytosis.”” The incorporation of negatively charged
HA on the liposome surface led to decreased blood circulation
and tumor accumulation in CD44+ human breast cancer MDA-
MB-231 xenografts compared to the HA-free PEGylated liposomes.
Coating PEG on the HA-liposomes reduced the cellular uptake
in vitro, but resumed the long circulation in vivo. The PEG-
HA-liposomes and PEG-liposomes displayed similar tumor
accumulation, but the PEG-HA-liposomes had better cellular
internalization due to the active targeting effect. In this work,
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Fig. 7 (a) Scheme of ligand-targeted liposomes with PEG coating. (b) Flow cytometry data showing the uptake of liposomes with different linker lengths
and PEG350 coating by both BT474 cells (left y-axis; blue columns) and SK-BR-3 cells (right y-axis; red columns). The most significant cellular uptake was
observed with the EG12 linker. (c) Scheme of ligand-targeted PEGylated-liposomes with hydrophilic modification adjacent to the targeting peptide.
(d) Confocal microscopy of rhodamine-labeled liposomes with the indicated PEG coating and EG-linker incubated with BT-474 (top) and SK-BR-3
(bottom) cell lines for 3 h at 3 °C. The non-targeted liposomes were used as controls. Panels (a, b and d) reproduced with permission from ref. 118.
Copyright © 2013 American Chemical Society. Panel (c) reproduced with permission from ref. 124. Copyright @ 2013 American Chemical Society.
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the tumor-targeting ligands did not increase the total tumor
accumulation at the targeted site, but the passive targeting EPR
effect determined the blood circulation and accumulation of the
HA-liposome. However, ligand-receptor interactions increased
cellular internalization after delivered to the target site.

6.2 Effect of surface protein adsorption

Liposomes, like other nanoparticles, adsorb proteins in blood
and form a protein corona.’” Such protein corona has signi-
ficant effects on their blood circulation, cellular uptake and
biodistribution."””>**° Even with PEG modification, plasma
protein adsorption on liposomes is inevitable."** By rational
design of peptide structure, Zhan and coworkers reported
enhanced immunocompatibilty of brain-targeting liposomes
via manipulating IgM adsorption.'®® A retro-inverso analog of
a brain-targeting peptide "CDX was selected and conjugated to
the surface of stealth liposomes (HSPC/cholesterol/PEG) due to
their stability towards proteolysis compared to the natural
“CDX. The PCDX-modified stealth liposomes adsorbed a signi-
ficant amount of IgM leading to an immune response and rapid
liposome clearance. By analysis of peptide binding with the
brain target receptor, nicotinic acethylcholine receptor (nAChRs),
a short peptidomimetic D8 peptide was obtained by computa-
tional peptide design. D8-sLip had comparable stability, binding
affinity, and brain targeting property to "CDX-sLip, but the
protein corona formed in vivo showed that D8-sLip adsorbed
much less IgM than °CDX-sLip. The pharmacokinetics and
biodistribution of D8-sLip in BALB/c mice showed prolonged
circulation and decreased liver and spleen distribution.
As expected, D8-Lipd generated significantly less immunogenicity
than PCDX-sLip. By intravenously injecting DOX-loaded lipo-
somes in ICR mice, both "CDX-sLip and D8-sLip/DOX promoted
the liposomes to cross the blood-brain barrier (BBB) in vivo
compared to sLip, and D8-sLip/DOX showed slightly longer
duration than PCDX-sLip/DOX.**!

In another study, the group showed that a short nontoxic
peptide AB,s35 (derived from B-amyloid (AB)) modified lipo-
somes (SP-sLip) specifically adsorbed brain-targeting plasma
apolipoproteins, ApoA1, ApoE and ApoJ.'** The SP-sLip inter-
acted with the lipid-binding domain of apolipoproteins, and
their receptor-binding domains exposed on the liposomal
surface were still active for recognition of multiple receptors
(LRP1/ApoE, LRP2/Apo], and SR-B1/ApoAl). The direct inter-
actions between SP-sLip and receptor LRP1 were too weak to
induce efficient uptake by brain capillary endothelial cells
(bEnd.3), and protein adsorption from rhApoE or mouse
plasma was required to boost endocytosis of SP-sLip. Intrave-
nous injection of SP-sLip through the tail vein of healthy BALB/
¢ mice showed a significant distribution in hippocampus and
cortex in comparison to sLip, indicating the penetration of
BBB. Using DOX-loaded liposomes, SP-sLip/DOX showed a
significantly higher brain distribution of DOX than sLip/DOX.
The therapeutic efficacy of DOX-liposomes in nude mice bear-
ing intracranial human glioma cells (U87) was studied for the
potential therapeutic value of SP-sLip for glioma. Intravenously
injecting free or liposome-formulated DOX at 10 mg kg™ ' body
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weight did little in improving mouse survival, while SP-sLip/
DOX significantly prolonged the median survival time of nude
mice from 27 days to 50 days.

6.3 Effect of fusogenic liposomes

Kro and coworkers delivered drugs by liposome fusion using
coiled coil forming peptides E, (EIAALEK), and K, (KIAALKE),
(Fig. 8)."** E, was conjugated to a PEG, (PEG with 4 repeat
units) spacer with a cholesterol anchor inserted in the lipo-
somes. In vitro experiments showed that DOX-loaded
E,-liposomes (E,-Lipo-DOX) delivered DOX into K,-encoded
HeLa cells (HeLa-K) upon coiled coil formation with enhanced
cellular uptake compared to free DOX or liposomal DOX with-
out E, (Lipo-DOX). Using several endocytosis inhibitors, it was
shown that endocytosis was a minor pathway, suggesting that
direct fusion with the cell membrane might be the major
pathway. In the in vivo experiment, posterior cardinal vein
(CV) injection of E,-Lipo-DOX at 1 umol per kgBW (kilogram
per body weight) into HeLa-K cell implanted zebrafish signifi-
cantly reduced tumor proliferation compared to Lipo-DOX or
free DOX treatment (Fig. 8b). The administrated amount of
DOX using E4-Lipo was 5-fold lower than that typically used in
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Fig. 8 (a) Schematic illustration of liposome fusion with cells by E4/K4
coiled coil formation. (b) E4/K4 coiled coil formation enhanced anticancer
efficacy of DOX in xenograft zebrafish. E4-Lipo-DOX, Lipo-DOX, or
0.25 mM free-DOX (1 nL of 1 mM) was injected and imaged at 72 h
postfertilization. Hela-K xenograft with E4-Lipo-Dox injection (second
panel) shows the decrease of red fluorescence. Green and red fluores-
cence indicate vasculatures and cancer cells, respectively. Reproduced
with permission from ref. 133. Copyright © 2016 American Chemical
Society.
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clinical settings. Although this system required pre-labeling
target cells with the K, peptide, it demonstrated that the coiled
coil targeting mechanism enabled direct liposome fusion for
drug delivery.

Qin and coworkers prepared membrane fusogenic liposomes
(MFLp) with a cell penetrating arginine fragment (DSPE-4A) and
PEG coating having a pH-sensitive linker of benzaldhyde (DSPE-
Hy-PEG;y). They were used to co-deliver anti-5100A4 antibody
(S-mAbD) and DOX for synergistic treatment of metastatic tumors.
In tumor’s acidic microenvironment, the PEG chains were
detached from the liposomes and the cell-penetrating 4A pep-
tides were exposed, inducing liposome fusion with cell mem-
branes. Liposome fusion bypassing endocytosis resulted in a
quick release of the payload into the cytoplasm in 30 s. S100A4
is a key protein in promoting metastasis. In breast cancer 4T1
cells, MFLp/S-mAb effectively downregulated S100A4 expression,
increased the expression of metastasis suppressor proteins, and
subsequently resulted in the suppression of cell motility and
migration. In vitro experiments showed that MFLp/DOX plus
S-mAb induced more 4T1 cell apoptosis of ~32% compared to
MFLp/DOX of 24.4% due to the additional effect of S-mAb. For
in vivo experiment, 4T1 tumor-bearing BALB/c mice treated with
MFLp/DOX + S-mAb showed a significant tumor volume
reduction of 88.57% without spleen swelling or liver metastasis,
indicating the inhibition of both local growth and metastasis by
the anti-S100A4 antibody."**

Szoka’s group prepared phosphatase-triggered lipid-based
particles (PTPs) by coating liposomes with a phosphate-modified
fusion peptide for cytoplasmic delivery of cell-impermeable
compounds.’®* The phosphate modified HIV gp41 N-terminus
fusion peptide with a cholesterol end (FP-2PT-Chems) was
inserted in POPC liposomes. The phosphate modification
shielded the hydrophobic character of the peptide, inactivating
the peptide for the fusogenic property. Once inside the tumor
microenvironment with overexpressed phosphatase, depho-
sphorylation occurred and the fusogenic activity of the peptide
was restored. Cytoplasmic delivery small molecules such as
carboxyfluorescein and propidium iodide, or macromolecules
such as FITC-dextran encapsulated in the PTPs were
demonstrated.

7. Supported lipid bilayers

Coating a lipid bilayer on nanoparticles can normalize the
surface properties of the cores and the lipid bilayer is mainly
responsible for interacting with cells.’ Drugs can be adsorbed
into or entrapped by the core materials to achieve a high
loading efficiency. The use of lipid enveloped nanoparticles
for drug delivery has been previously reviewed,””® and we focus
on the biophysical aspect of it.

7.1 Effect of core rigidity

Supported lipid bilayers allow the variation of NP rigidity while
using the same lipid composition."*® Jiang and coworkers
prepared lipid-polymer NPs (LPNs) of the same size, with PLGA
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cores covered with either DPPC lipid monolayers (MPs) or
bilayers (BPs) (Fig. 9a and b). Atomic force microscopy (AFM)
and atomistic simulation revealed that the MPs had a lower
flexibility than the BPs. In vitro cellular uptake was carried out
by incubating drug-loaded LPNs (DOX loaded in the PLGA core
for cancer chemotherapy and combretastatin A4 (CA4) loaded
in the bilayer region for treating vasculature damages) with
HeLa and HUVEC (blood capillary) cells. This system allowed
for simultaneous observation of inhibition of both cancer cells
and blood capillary cells that are important for eradication of
most types of solid tumors. The dual drug-loaded MPs had
more significant cytotoxicity than the BPs (Fig. 9¢), which was
attributed to the more flexible BPs dissipating more energy at
the LNP-cell interface and making it more difficult to be
internalized by cancer cells. Both drug-loaded LPNs inhibited
tumor growth with the MP being more efficient due to
enhanced cellular uptake (Fig. 9d). In addition, in vivo imaging
showed that the MPs accumulated in the tumor sites more
rapidly than the BPs.

To further explore the rigidity of NPs on cellular uptake,
Jiang and coworkers prepared lipid-covered PLGA NPs by
tuning the interfacial water layer."*” For the P-L NPs, the lipid
shell was tightly attached to the PLGA core, while the P-W-L
NPs contained a thin water layer between the lipid shell and
PLGA core. AFM showed that the 40 nm P-L and P-W-L had
Yong’s modulus of 1.2 + 0.11 GPa and 0.76 + 0.07 GPa,
respectively. A significantly higher cellular uptake was observed
from the more rigid P-L NPs in HeLa Cells. To understand the
mechanism, MD simulation was performed to reproduce the
internalization process (Fig. 9¢). The simulation showed that
the rigid P-L NPs were fully wrapped by the cell membrane and
internalized smoothly (Fig. 9e top), whereas the P-W-L NPs
significant deformed during the internalization before trapped
within the cell membrane (Fig. 9¢ bottom). They analyzed the
elastic deformation energy as a function of the wrapping
fraction for spherical and ellipsoidal NPs, and revealed that
complete wrapping of the ellipsoidal NPs required about 30%
more energy than the spherical ones. This may partially explain
the less rigid and more flexible NPs being relatively more
difficult for cellular uptake.

Moses and Auguste and coworkers synthesized a hybrid
nanolipogel (NLG), an alginate encapsulated liposome with
defined size, surface charge and tunable elasticity.”*® The
elasticity was modulated by the extent of crosslinking of the
hydrogel core controlled by calcium concentration (Fig. 10a).
As determined by AFM, the free DOPC liposomes showed the
lowest Young’s modules of 45 + 9 kPa (MP-45 kPa), the
uncrosslinked NLGs were stiffer with a Young’s module of
1.6 MPa (NLG-1.6 MPa), and the crosslinked NLGs were even
stiffer of 5.3 MPa (NLG-5.3 MPa), 13.8 MPa (NLG-13.8 MPa), and
19 MPa (NLG-19 MPa). In vitro cellular uptake experiments
revealed decreased cellular uptake with increasing of the
modulus independent of cell type. The maximal uptake
occurred with MP-45 kPa, 80% greater than with NLG-19
MPa. Interestingly, particles with differently elasticity were
taken by cells via distinct internalization pathways, in which

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nh00605j

Published on 21 December 2020. Downloaded on 4/27/2024 1:46:04 AM.

Review

—~
(2
~

Cell Viability (%)

PLGA-Water-Lipid NP

View Article Online

Nanoscale Horizons

W
-3
-3

:*

Tumor weight (mg)

0
RS eupee W o

480 ps

Fig. 9 Cryo-TEM micrographs and schematic illustration of (a) lipid-monolayer-shell (MPs) and (b) lipid-bilayer-shell (BPs). (c) Cell viability after being
treated by MPs, BPs, and free drugs. (d) Weight of the excised tumors after different treatments. Adapted with permission from ref. 136. Copyright © 2015
American Chemical Society. (e) Rigidity-governed deformation influencing cellular uptake as depicted by MD simulations. Top: The rigid P-L NP is
internalized smoothly via wrapping of the cellular membrane, showing a mild shape deformation. Bottom: The less rigid or “"soft” P-W-L NP underwent a
large deformation during the internalization, and finally it is trapped on the cell surface. Reproduced with permission from ref. 137. Copyright © 2014

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the MLP-45 kPa entered cells predominately via fusion, while
the NLG-19 MPa internalized strictly via endocytosis (Fig. 10b).
Ex vivo tumor uptake by tail vein injection in a 4T1 breast tumor
model showed that the uptake was significantly increased with
the NLP-45 kPa and NLG-1.6 MPa compared to NLG-19 MPa at
48 h, suggesting that decreasing elastic modules enhanced both
cellular internalization and permeation in tumors. In vivo tumor
uptake indicated the NLG with higher Young’s moduli (above
13.8 MPa) showed higher liver uptake, while NLP-45 kPa and
NLG-1.6 MPa had significantly increased tumor uptake. This also
suggested that decreasing the elastic modulus preferentially
enhanced both cellular internalization and permeation of tumors.
It is noteworthy that the conclusion of NPs with lower elastic
modules showed enhanced cellular uptake does not agree with
the abovementioned rigid lipid-coated PLGA entering cells more
efficiently (Fig. 9). This may be due to that the PLGA cores were
much more rigid, so that endocytosis was the dominant inter-
nalization pathway and no liposome fusion was involved.

7.2 Effect of lipid fluidity

The Brinker’s group has pioneered the use of mesoporous silica
nanoparticle supported lipid bilayers for targeted drug
delivery.'® They fused liposomes onto mesoporous silica cores
(Fig. 11a) followed by modification the supported bilayers with
targeting peptides. The peptides on supported DOPC liposomes
had 100-fold lower Kq4 versus the supported DPPC. This higher

This journal is © The Royal Society of Chemistry 2021

avidity was contributed by the enhanced lipid fluidity allowing
dynamic organization of targeting peptides and a minimal
number of targeting peptides can be used to achieve highly
efficient binding (Fig. 11b). Such supported bilayers were used
to deliver multiple classes of cargos, including small molecule
drugs, siRNA, and toxin proteins to cells.*3%°

In addition to increasing binding affinity, the fluidity of lipid
bilayers was also demonstrated to affect the colloidal stability
of nanoparticles, which could be critical in achieving effective
targeting. In another work from Brinker and coworkers, mono-
dispersed supported bilayers were prepared that remained
stable even in a complex media."*! The lipid fluidity effected
colloidal stability along with other synthetic parameters including
lipid:silica ratio, ionic strength, mesoporous silica nanoparticle
size, shape and pore size, extent of PEGylation and surface display
of targeting ligands. The size of both PEGylated and non-
PEGylated DOPC-based supported bilayers increased progressively
from 24 to 72 h in PBS buffer, while the DSPC-based formulation
remained stable for >72 h under the same condition. This
instability of the DOPC shell was attributed to the oxidation of
double bond in the acyl chain in the unsaturated lipid as the
DOPC-based formulation had long-term stability in an oxygen
reduced buffer. Interestingly, the DOPC and DSPC based
supported bilayers had identical colloidal stability in a complete
cell medium, suggesting the adsorption of protein provided
additional barriers against aggregation.
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Fig. 10 (a) Schematic illustration of nanoliposome—hydrogel complex systems. Cell internalization pathways shifted by varying particle elasticity: (b) soft
NLP-45 kPa enters the cells via two pathways: fusion (predominant) and endocytosis (inferior), while (c) hard NLG-19 MPa enters the cells only via
clathrin-mediated endocytosis. Reproduced with permission from ref. 138. Copyright © 2018 Springer Nature.
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Fig. 11 (a) Cryogenic TEM image of a lipid bilayer (~4 nm thick) coated
on a mesoporous silica nanoparticle. Scale bar = 25 nm. (b) Schematic
illustration of a supported bilayer with targeting peptides binding to cells
with high affinity owing to recruitment of targeting peptides to the cell
surface. Adapted with permission from ref. 10. Copyright © 2011 Macmillan
Publishers Limited.

8. Some successful examples

The above sections have summarized the fundamental bio-
physical and nanoscience aspects in the field. Many liposomal
formulations have been successfully commercialized and
currently, thirteen Food and Drug Administration (FDA) approved
liposome and lipid-based therapeutics are available, with more
under clinical investigation."”> Among them, DOXIL is the first
FDA approved nanomedicine. DOXIL has a size of 100 nm, a PEG
surface that creates a “stealth” liposome, and uses remote loading
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that improves the drug loading efficiency.'*® In addition,
compared to free DOX, DOXIL results in 4-16 fold higher drug
concentration in malignant effusions, demonstrating the EPR
effect."*> DOXIL has been approved to treat AIDS-related Kaposi’s
Sarcoma (KS), as well as ovarian cancer, breast cancer, and
multiple myeloma. Myocet is another DOX-based liposomal drug,
a nonpegylated liposomal formulation with a size of 190 nm.
Myocet has a t;, of 2.5 h compared to DOXIL's t;,, of 55 h,"**
possibly due to the increased liposome size. Myocet has been
approved for the treatment of metastatic breast cancer in the EU
and Canada.

Besides DOX, other anticancer drugs have also been formu-
lated for liposomal delivery. DaunoXome, which encapsulates
daunorubicin, was developed using a nonpegylated liposome
platform.’® It has been granted accelerated approval for KS
treatment, although DaunoXome appeared to be less effective
than DOXIL. Another nonpegylated liposomal vincristine formu-
lated with egg sphingomyelin and cholesterol, Marqibo, has been
approved for adult patients with Philadelphia chromosome-
negative (Ph—) acute lymphoblastic leukemia (ALL) relapse.'**
Lastly, DepoCyt, a multivesicular liposome platform encapsulating
cytarabine, larger in size and with a slow release, has received
accelerated approval for lymphomatous meningitis.*® In addition
to the approved liposomal formulations, several are under clinical
investigation, including liposomal cisplatin, liposomal irinotecan,
and liposomal docetaxel.'**

This journal is © The Royal Society of Chemistry 2021
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9. Summary and future perspectives

In summary, liposome-based drug delivery with an emphasis on
the biophysical properties of lipids was reviewed. The self-
assembly, soft and fluid nature of liposomes together with the
variety of lipid composition makes it interesting and feasible to
systematically tune their biophysical properties. This includes
vesicle size, surface charge, membrane rigidity, headgroup dipole
and lipid phase separation. Although fundamental biophysical
studies of lipids and applied drug delivery studies are different
research directions, as seen in this review, many papers have
established connections between them. Both passive and active
targeted delivery have been discussed. For active targeted delivery,
the unique property of lipid fluidity allows lateral reorganization of
targeting ligands to enhance binding affinity with cells. In addition,
the membrane fusion property provides unique opportunities for
drug delivery. Given the complexity of both liposomal formulation,
as well as in vitro and in vivo biological environments, continued
development of liposomal nanomedicine is expected.

First, biophysical measurements such as surface charge,
lateral diffusion and mechanical properties are typically done
in simple buffers, while drug delivery has to experience much
more complex environment and protein adsorption is a key
difference. Often times if fluorescence microscopy is used
(e.g- looking at phase separation and lipid diffusion), giant
liposomes are needed. This is also different from the materials
used for drug delivery. Such gaps exist in measurement and
their influence needs to be better addressed. A more challeng-
ing direction is to use synthetic chemistry to systematically
vary lipid properties beyond the current available ones and to
examine their drug delivery properties along with measurement
of biophysical properties. The study of the PC and CP (or CPe)
liposomes is an interesting example. Further comparisons with
SB and CB liposomes (Fig. 11 and m) can offer insights into the
effect of both headgroup chemistry and polarity.>>> Furthermore,
an interesting research direction is to harness natural cell mem-
branes to coat on inorganic or polymeric nanoparticle cores.®'*" 1>
Probing and tuning the biophysical properties of such complex
system would be interesting to do. For example, adding new lipids
to such membranes could be a useful way to perturb the system.
Finally, understanding of the nanomedicine field is still rapidly
involving. For example, the amount of drug accumulation at tumor
sites is under debate.">"""**> Even the EPR effect is currently being
questioned. Since liposomes are already commercially used and
they are highly tunable, we can expect systematic studies using
liposomes to give more solid answers to these questions.
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