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Abstract

Liposomes are small spherical vesicles composed mainly of phospholipids and cholesterol. Over
the years, a number of liposomal formulations have shown clinical promise, but the use of
liposomes in oral drug delivery is still limited. This is partly due to the wvulnerability of
conventional liposomes to the detrimental effect of gastrointestinal destabilizing factors and also
to the poor efficiency in intestinal absorption of liposomes. Some of these issues can be
ameliorated using the layer-by-layer (LbL) assembly technology, which has been widely applied
in surface modification of various nanoparticulate systems. Discussions on LbL functionalization
of liposomes as oral drug carriers, however, are scant in the literature. To fill this gap, this article
presents an overview of the roles of LbL functionalization in the development of liposomes,
followed by a discussion of major principles of molecular design and engineering of LbL
functionalized liposomes for oral drug delivery. Regarding the versatility offered by LbL assembly,
it is anticipated that LbL functionalized liposomes may emerge as one of the important carriers for
oral drug administration in the future.
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1. Introduction

Liposomes are small spherical vesicles composed mainly of phospholipids and cholesterol. They
can be classified into multiple types [including multivesicular vesicles (MVV), multilamellar
vesicles (MLV), and unilamellar vesicles (ULV)] based on the lipid bilayer structure (Fig. 1).!
Various liposomal formulations have entered clinical trials and have shown good therapeutic
performance.? For instance, compared to free doxorubicin (DOX), liposomal DOX has been shown
to be more well-tolerated at myelosuppressive doses and to produce less venous sclerosis in cancer
treatment.® Its promising therapeutic effect has been tested in patients with metastases from
primary gastric or colonic tumors* and in patients with hepatoma.* In addition to DOX, other
liposomal formulations have been tested clinically. Examples include liposomal paclitaxel,>® and



liposome-encapsulated all-trans retinoic acid.” This exciting potential for clinical use has rendered
liposomes attractive in the drug delivery research.

Despite the general success in drug delivery, the use of liposomes in oral drug delivery is limited.
In fact, delivery via the oral route has advantages over other conventional routes (such as
intravenous and intramuscular injection) because oral administration is less invasive and simple,
thereby being able to avoid the risks led by parenteral delivery and resulting in higher patient
compliance. Compared other routes, oral delivery, however, will subject the carriers to more
extreme variations in pH (from the acidic environment in the stomach to the neutral or alkaline
environment in the intestine) and to highly concentrated enzymatic activity in the gastrointestinal
tract. Taking the case of liposomes as an example, upon administration via the oral route, they are
subjected to the action of gastric acid, bile salts and pancreatic lipases in the gastrointestinal tract,®
resulting in not only a drastic reduction in the number of intact liposomes to be transported to
intestinal epithelia for absorption,® but also undesired payload leakage during the delivery
process.® Due to the comparatively large size of liposomes and the presence of gastrointestinal
mucus that trap liposomes via hydrophobic interactions,® oral absorption of liposomes is further
reduced. Diverse strategies have been reported to enhance the physical stability of liposomes in
the gastrointestinal tract so as to facilitate trans-epithelial absorption (Table 1).11?2 Among them,
applying a suitable surface coating on liposomes is one of the promising strategies, partly due to
ease of operation as well as the high tunability of the coating properties. This article will focus on
the application of the layer-by-layer (LbL) assembly technology, which is a well-established
surface coating technique that involves a sequential assembly of polymers onto a core,??* in the
functionalization of liposomes as oral drug carriers. It is hoped that by revisiting related advances
in the field, not only will the opportunities and challenges for the design and use of LbL
functionalized liposomes in oral drug delivery be illuminated, but insights into the optimization
and engineering of liposomal formulations for other routes of administration can also be attained
for future research.

2. Historical development of liposomes as oral drug carriers

Development of liposomes was initiated by the discovery made in the late 1960s when
phospholipid molecules were found to generate closed bilayer vesicles spontaneously in water.?®
After that, liposomes have been extensively studied as drug carriers. Research on the use of
liposomes in oral drug delivery was reported as early as the late 1970s when liposomes were
adopted to deliver insulin via the oral route.?®2" The delivery efficiency, however, was far from
satisfactory at that time, with only 54% of the normal rats and 67% of the diabetic rabbits
responding to the treatment.?®. Later, liposomal entrapment was found not to be able to enhance
the uptake of polyethylene glycol (PEG).? The excretion patterns of hydrocortisone and salicylic
acid, when delivered orally by using egg lecithin/cholesterol or L-a-phosphatidylcholine
distearoyl/cholesterol liposomes as carriers, were also shown to be the same as those of free
drugs.?® Such disappointment of expectations on the use of liposomes as oral drug carriers has led
to a short period of quiescence in research interest at that time.

Because the poor efficiency of liposomes in oral drug delivery stems partly from the physical
instability of liposomes in the gastrointestinal environment,*® some efforts have addressed this
problem by directly manipulating the chemical composition of the liposome membrane. The
workability of this approach has been partly demonstrated by the fact that, upon incorporation of



sodium deoxycholate (SDC) into the liposome membrane, the efficiency of liposomes in oral
delivery of cyclosporine A (CyA) has been enhanced.®* Compared with conventional soybean
phosphatidylcholine (SPC)/cholesterol liposomes, SPC/SDC liposomes have been shown to be
more effective in enhancing the absorption of CyA upon oral administration.! The use of SDC in
manipulating the composition of the liposome membrane for enhanced oral drug delivery has also
been reported by another study, which has found that liposomes containing SDC are more effective
than conventional liposomes in enhancing the oral bioavailability of fenofibrate.®? All these studies
confirm that the chemical composition of the liposome membrane is one of the factors that can be
manipulated for enhanced performance in oral drug delivery. Apart from manipulating the
membrane composition, other strategies (e.g., incorporation of an outer lipid bilayer,* interior
thickening,*>” and entrapment in other systems8) have been exploited to enhance the stability of
liposomes as oral drug carriers (Table 1). Most of these methods, however, either involve a tedious
and time-consuming developmental process, or provide poor flexibility for surface
functionalization. Their wide applications in liposome research have been impeded.

Compared to the methods mentioned above, surface coating provides a rapid track for the
development of oral liposomal formulations. Not only does it allow existing liposomes to be used
so that the length of the developmental process can be shortened, but diverse functionalities [such
as targeting ligands (which enable more effective internalization of liposomes into specific cells),
protective elements (which can enhance the biocompatibility and stability of liposomes in the
gastrointestinal tract), and imaging tags (which enable real-time monitoring of the location and
fate of the administered liposomes)] can also be incorporated during the coating process. Till now,
a large variety of polymers (including carbopol,®® chitosan,3*% pectins,**3" hydroxyethyl
cellulose,® and hydroxypropylmethyl cellulose®®) have already been exploited to coat liposomes.
Recently, the use of Eudragit as a coating material has been reported.*® Eudragit is a polyanionic
copolymer of methacrylic acid and methyl methacrylate. It can be dissolved above pH 7.0 but is
insoluble at gastric pH. After being coated with this copolymer, liposomes can be protected from
the gastric environment by the Eudragit coating. Not only can this reduce the impact of the gastric
environment on the stability of liposomes,*° but this also enables controlled release of the payload
in the gastrointestinal tract.*’ The latter has been demonstrated by Barea and coworkers,** who
have observed that, upon coating liposomes with Eudragit, drug release from the liposomes is
remarkably reduced at pH 1.4 (stomach) and pH 6.3 (small intestine), with release at pH 7.8
(ileocecal region) being significantly enhanced. This, along with the success of surface coating in
enhancing the oral bioavailability of drugs delivered by liposomes as reported by other studies,*
4" has made surface coating one of the important techniques in research and development of oral
liposomal formulations.

3. Roles of LbL functionalization in liposome-mediated oral drug delivery

The idea of LbL assembly was first proposed in 1966 by ller,*® who reported the generation of
multilayered films by alternating deposition of oppositely charged colloidal particles. Soon after
that, the LbL technology emerged as a widely used method of fabricating multilayered polymer
films. Later in the 1990’s, LbL deposition of coatings on a colloidal template, followed by the
removal of the colloidal template, was adopted to generate capsules with a follow structure. -5
This has extended the use of LbL technology from two-dimensional, film-based systems to
colloidal, three-dimensional ones, and has greatly expanded research on the LbL techniques since
then.>* Compared to single-layer coating, the multilayer one enables the surface, chemical and



mechanical properties of liposomes to be more precisely and flexibly tuned by changing the
deposition conditions and coating materials.? As an important technique for multilayer coating,
the LbL technology has already been applied to manipulate different nanoparticulate systems as
carriers for a wide range of chemical entities (Table 2).5352 In the case of liposomes, the space
formed between coating layers can provide extra room, on top of the aqueous core and the lipid
bilayer, for drug molecules to be loaded.®® This facilitate co-delivery of both hydrophilic and
lipophilic drugs.

LbL functionalization can enhance the efficiency in oral drug delivery by increasing the physical
stability and the efficiency in intestinal absorption, too. This has been demonstrated by an earlier
study, which applied LbL deposition to liposomes for oral delivery of sorafenib.’® Upon LbL
coating, electrostatic repulsion caused by the surface charge helps minimize aggregation of
liposomes. Changes in the particle size of the liposomal suspension have, therefore, been found to
be negligible during storage at 4°C and 25°C.Y° Drug retention provided by the LbL
functionalized liposomes has also been shown to be significantly higher than the uncoated ones.®
In rats, compared to the uncoated liposomes, the area under the plasma concentration-time curve
of the LbL functionalized ones is around one fold higher.'® This demonstrates the efficiency of
LbL functionalization in enhancing liposomal absorption and transportation in the gastrointestinal
tract.

LbL functionalization can also be applied to achieve controlled release of the payload from
liposomes.®3%° The technical possibility of this has been shown by Hashemi and coworkers, who
coated DOX-loaded cationic liposomes with graphene oxide (GO) and poly(L-lysine) (PLL)-
functionalized GO (GO-PLL) using the LbL technique.>* GO can adsorb on the surface of
zwitterionic liposomes.® Such interactions have been found to show negligible influence on drug
leakage and the phase transition temperature of lipids in the liposome membrane.®” Owing to its
effective NIR absorption via the delocalization of its electron states,®® along with the rapid
transformation of absorbed light into thermal energy, GO has already been widely studied for
photothermal therapy.®®"® In LbL functionalized liposomes, both GO and GO-PLL can absorb
NIR light.5* Conversion of the light to heat by these components enables the activation of the liquid
phase transition of the phospholipid membrane,> and has successfully been adopted to achieve
controlled release of DOX.> Although this method of achieving controlled release may not be
suitable for applications in order administration, it sheds light on the technical feasibility of
exploiting LbL deposition to attain stimuli-responsive oral drug delivery. Such feasibility has been
supported by recent studies which incorporate pH responsiveness into the LbL coating to control
the site of drug release from liposomes in the intestinal tract.*>: " All these point to the effectiveness
of the LbL technology in enhancing the versatility and functionality of liposomes in oral drug
formulation.

4. Fabrication of LbL functionalized liposomes

To generate LbL functionalized liposomes, the first step is to fabricate the liposomal core. The
core can be generated using several methods. One method is sonication, which has been adopted
to prepare drug-loaded liposomes obtained from a dispersion containing phospholipon 90G,
stearylamine and the drug molecules.*® The generated liposomes had a diameter of around 80 nm,
with positive zeta potential owing to the charge carried by stearylamine.*® Apart from being used
alone, sonication can be used along with thin film hydration. This combined use has been reported



to fabricate quercetin-loaded liposomes, which were fabricated by hydrating a lipid thin film with
a quercetin-containing PEG solution prior to sonication and extrusion.” Apart from the methods
mentioned above, other methods (e.g., detergent dialysis,’® reversed phase evaporation,’” solvent-
injection techniques,” high pressure extrusion,” microfluidization,®® supercritical anti-solvent
method,®" dual asymmetric centrifugation,® and membrane contactor technology®®) may be
employed for the preparation of liposome cores.

After fabrication of the core, LbL functionalization can be performed.3* Over the years, different
methods have been developed for LbL coating. For instance, by using the heat-up strategy (in
which nanoparticles with a multi-shelled structure are generated by either repeating the same
synthetic protocol in multiple times or by combining dissimilar synthetic procedures to deposit
different shells onto the same core®), epitaxial shells have been successfully incorporated into the
particle surface. Such strategies, however, are applied mainly to metal cores. Because liposomes
are soft matters, they are less stable compared to metal cores. The use of the strategies adopted to
coat metal cores in coating soft matters is, therefore, limited. In liposomes, LbL coating is
performed mainly via electrostatic interactions between oppositely charged polyelectrolytes (Fig.
2). Other interactions (e.g., hydrogen bonds,% hydrophobic interactions,®” and van der Waals
forces®®) may also be adopted; however, compared to the electrostatic forces, they are less
commonly mentioned in the literature on LbL functionalized liposomes. This is attributed partly
to the wide availability of polyelectrolytes (e.g., chitosan, xanthan, alginate, dextran sulfate, and
hyaluronic acid) for biomedical use. Use of these polyelectrolytes in LbL coating may enable better
control of the biocompatibility of the functionalized liposomes generated. Moreover, the ease of
operation and the straightforward design of the electrostatic interaction-based LbL deposition
protocol plays a role.

Upon LbL coating, the surface phospholipids in the liposome membrane can be protected from the
outer gastrointestinal environment. Owing to the electrostatic nature, the stability of the LbL layer
would, however, be hampered in media with high polarity or high salt concentration. To enhance
the stability of the coating, incorporation of additional covalent crosslinking has been adopted in
a recent study,®® which first performed LbL deposition to generate a multilayer film via non-
covalent interactions. After that, infiltration of 4, 4’-diazostilbene-2, 2’-disulfonic acid disodium
salt (DAS) into the film was carried out, followed by crosslinking of the film under UV irradiation.
The film has been reported to be more stable upon covalent crosslinking, and to increase the release
sustainability of loaded molecules.?® This evidences the possible combination of multiple types of
interactions for enhancing the stability and performance of the LbL layer.

5. Principles of molecular design of LbL-functionalized liposomes

LbL functionalization is technically easy to be performed, particularly when physical interactions
are employed for LbL assembly; however, it does not necessary imply that the oral delivery
performance of the generated functionalized liposomes will be achieved even without proper
optimization of the functionalization process. In the following part of this section, important
parameters to be considered during molecular design of LbL functionalized liposomes will be
discussed (Fig. 3).

5.2 Size and size distribution



When LbL functionalized liposomes are designed, one of the important parameters to be
considered is the size of the core, which should have a diameter less than the expected diameter of
the final product. This is because, upon LbL functionalization, some increase in the size of the
liposomes takes place, as was shown for the case of dioctadecyldimethyl ammonium bromide
(DODAB) liposomes.*® The size of those liposomes increased from around 60 nm to 130 nm after
coated with xanthan.®® Upon further incorporation of a galactomannan layer, the size of the
liposomes increased further to around 165 nm.*° Because particles with the size below 1 um
showing mucoadhesive properties can be efficiently taken up by M cells,*® controlling the ultimate
diameter below this range may also be desired for LbL functionalized liposomes. To counteract
the increase in size, it is possible to modify the procedure for liposome preparation. One strategy
is to control the length of sonication time and hence the energy input during liposome fabrication.*
An increase in the energy input can lead to a decrease in the size of the generated liposomes.®
This method, however, can only reduce the diameter of the liposomes to a limited extent because
the increase in the surface tension of liposomes may impose a limit in the size of liposomes
attained.®* An alternative method to control the size of the liposomes produced is to use the
microfluidic techniques.®* The feasibility of this has been demonstrated by an earlier study,% in
which a microfluidic chip is designed to hydrodynamically focus a stream of lipids (which have
been pre-dissolved in alcohol) between two sheathed aqueous streams for formation of liposomes
via self-assembly. By changing the ratio of the alcohol-to-aqueous volumetric flow rate, liposomes
of a tunable mean diameter (from 50 to 150 nm) have been successfully fabricated.® Similar
success in controlling the size of liposomes has also been reported recently by Lou and
coworkers,® who have injected a tris(hydroxymethyl)aminomethane buffer simultaneously with a
lipid solution [prepared by dissolving cationic lipids with 1,2-dioleoyl-sn-3-phosphoethanolamine
(DOPE) in methanol] into a Y-shaped staggered herringbone micromixer. Liposomes with a wide
size range (40-750 nm) have been generated by simply manipulating the concentration of the
aqueous buffer adopted.®® The use of microfluidic technologies have enabled the production of
monodisperse liposomes with controlled sizes for subsequent LbL functionalization.

Besides the size per se, size distribution is another parameter to be noted. Although various post-
processing procedures (e.g., membrane extrusion, and sonication) are available for size control
during liposome preparation, solely relying on these procedures can hardly generate liposomes
with a narrow size distribution. With recent advances in microfluidics, production of highly
monodisperse liposomes has been facilitated. For instance, an earlier study has adopted a
microfluidic device, in which an ethanolic solution of lipids was hydrodynamically focused
between two sheathed streams of deionized water, to control the size and size distribution of the
liposomes generated.? The laminar flow in microchannels enabled diffusive mixing at the liquid
interface, allowing the lipids to undergo self-assembly to form vesicles.®? By changing the ratio of
the alcohol-to-aqueous volumetric flow rate, the size of the liposomes can be tuned.? The size of
the liposomes formed in a microfluidic device can be further reduced upon the incorporation of
sonication into microfluidic production of liposomes,® with the smallest mean size reported being
less than 70 nm. Although the use of microfluidics in the fabrication of LbL functionalization
liposomes is still limited in the literature till now, taking the versatility and promising capacity of
manipulating droplet properties into account, it is expected that the role played by microfluidic
technologies in LbL functionalization of liposomes will become increasingly significant.

5.2 Surface charge and surface geometry



Proper control of the surface charge is vital to the design of LbL functionalized liposomes because
it is a major factor that potentiates LbL deposition. To form liposomes with positive surface charge,
the simplest method is to incorporate cationic lipids [e.g., 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), didodecyldimethylammonium bromide (DDAB), DODAB, and
trimethylhexadecyl ammonium bromide (CTAB)] into the liposome membrane.>® On the other
hand, anionic lipids [e.g., 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG), dihexadecyl
phosphate, and 1,2-dipalmitoyl-sn-glycero-3-phospho-I-serine (DPPS)] may be used for the
generation of liposome cores with negative charge.® Selection of charged lipids to be incorporated
into the liposome membrane is largely based on the procedural design of LbL functionalization.
Apart from potentiating LbL deposition, the ultimate surface charge of the liposomes upon
functionalization should be properly optimized because it determines the efficiency in the uptake
by Peyers patches.®® As the M cell pathway contributes largely to the absorption of orally
administered liposomes,®"8 adjusting the overall surface charge to negative may be helpful in
facilitating the intestinal absorption of the LbL functionalized liposomes upon oral
administration.%

When the performance of LbL functionalized liposomes in oral drug delivery is to be optimized,
the effect of surface geometry should not be overlooked. The importance of this has been
highlighted by Verma and coworkers,’* who applied the LbL technique to coat liposomes by using
sodium alginate and vitamin Biz-conjugated chitosan as a polyanion and a polycation,
respectively.’* The 4-layered coated liposomes were found to be spherical in shape when they were
put at pH 1.2 and pH 6.8, but showed an increase in surface roughness when they underwent
acidification followed by neutralization.”* Such an increase in surface roughness significantly
enhances the surface contact area between liposomes and the plasma membrane of target cells.”
In intestinal epithelial HT-29 cells, LbL coated liposomes have been shown to undergo cell
internalization more effectively than the uncoated ones.”* Owing to the higher effectiveness of
coming in contact with the lipid bilayer membrane of M cells, the rough surface on the LbL coated
liposomes has also enhanced the efficiency in mucus penetration, and has improved the oral
bioavailability of the payload in Peyer’s patches.” In fact, it is common for a rough surface to be
attained upon LbL deposition. This is because owing to the heterogeneous distribution of charges,
full saturation of the charged surface by polymer coating can hardly be achieved.®® This leads to
the formation of a heterogeneously rough surface upon LbL deposition of multiple polyelectrolyte
layers. The impact of changes in the roughness of the liposome surface before and after LbL
coating to the ultimate performance of LbL functionalized liposomes in oral drug delivery,
however, may vary from case to case.

5.4 Surface properties

Because the surface the liposomes is the interface where the liposomes meet and interact with the
external biological environment, its properties, along with other factors (Fig. 4), can largely
influence the ultimate fate of the liposomes in the body upon oral administration. One strategy is
to enhance intestinal absorption of LbL-coated liposomes by incorporating specific ligands (e.g.,
mannose,*® folic acid, 2192 and biotin!%*-1%4) into the surface coating. The viability of this concept
has been evidenced by an earlier study,’* in which vitamin B12 was conjugated to chitosan via
carbodiimide chemistry and was used, along with sodium alginate, for LbL functionalization of
liposomes. Although the ligand adopted was used to render the coating pH-sensitive, by replacing
the ligand with targeting moieties for receptor-mediated endocytosis, the functionalized liposomes



generated can on one hand be able to adhere and accumulate at the site of absorption via ligand-
receptor interaction and on the other hand can undergo pinocytosis/phagocytosis by both the
antigen-presenting cells in the gastrointestinal tract and the M cells in the follicle-associate
epithelia of Peyer’s patches. In fact, although M cells only represent approximately 1% of the total
intestinal epithelial cell population,'®-1% the M cell pathway is one of the preferable absorption
mechanisms for liposomes because absorption through this pathway involves less membrane
hydrolases, fewer lysosomes, and less glycocalyx.X?” In addition, M cells do not secrete mucus.
They are exposed to chime, and are highly accessible for liposomal absorption via endocytosis and
phagocytosis.'®® The M cell pathway is, therefore, one of the most important routes of liposomal
absorption upon oral administration, and should always be taken into consideration when the LbL
coating is engineered for enhanced delivery performance.

The efficiency in oral delivery can be enhanced by incorporating polymers with mucoadhesive and
mucus penetrating properties into the LbL coating so that mucoadhesion of liposomes to intestinal
epithelia can be enhanced, leading to an extension of the elimination half-life of the liposomes in
small intestines. Mucoadhesion can be achieved by ionic interactions of positively charged
polymers with the negatively charged constituents (including the sialic and sulfonic acid residues)
of mucus,'11° some polycations (e.g., chitosan, and PLL) can, therefore, be adopted as the outer
layer of the LbL functionalized liposomes, although overall negative surface charge has been
reported to facilitate subsequent intestinal absorption.®® Here it is worth noting that, simply
showing mucoadhesive properties is not sufficient for effective oral drug delivery because the
intestinal permeability of the LbL functionalized liposomes is still restricted by the turnover time
of the mucus layers at the end.*! It is, therefore, desired for the liposomes to be able to undergo
mucus penetration rather than mucus entrapment so that direct contact of liposomes with epithelia
can be facilitated, thereby increasing the chance of uptake of the liposomes by clathrin- or
caveolae-mediated endocytosis. Some commonly used polymers that show mucus penetrating
ability include Pluronic F127,112-113 and PEG.* These polymers, however, are largely neutral, and
can hardly be used directly for LbL deposition where the assembly process is mediated by ionic
interactions. Despite this, modification of one of the polycations or polyanions involved in LbL
functionalization may be a feasible way to incorporate these mucus penetrating moieties into the
LbL coating.

5.5 Other factors

Apart from the aforementioned parameters, few other factors should be determined during the
molecular design process. One of these is the composition of the liposome membrane. Although
the liposome membrane in LbL coated liposomes is protected by an LbL coating and hence may
not interacts directly with the plasma membrane of target cells as conventional liposomes do,
changes in its composition may ultimately lead to alternations in the particle size, polydispersity
index, and drug encapsulation efficiency of the liposome core fabricated.® This has been reported
by an earlier study,” in which changing the molar ratio of egg phosphatidylcholine
(EPC)/cholesterol in liposomes from 1:1 to 9:1 has led to an increase in the mean size of the
liposomes from around 210 nm to over 600 nm, with the surface charge changing from -32 mV to
-13 mV."” The influence of lipid composition on the properties of the liposome core, however, is
complex and can hardly be predicted. At the moment, optimization of the composition has to be
done largely on a trial-and-error basis.



In addition to the composition of the liposome membrane, the procedure of the liposome
preparation affects the properties and drug encapsulation efficiency of the liposome core. For
instance, by changing the order of incorporating quercetin into liposomes (i.e., either incorporating
quercetin into the lipid phase before the lipid thin film formation, or incorporating quercetin into
the film during liposome preparation), the encapsulation efficiency attained has been reported to
vary in a large range, from 60% to 80%.”® In addition, in liposomes treated with LbL deposition
of polyacrylic acid (PAA) and polyallylamine hydrochloride (PAH), the size, zeta potential and
polydispersity index (PDI) have been shown to be changed continuously as the number of
deposited layers has increased, with those changes further affected by the concentrations of the
polymer solutions used.® Proper determination of the number of deposition cycles is vital because
it can directly affect the physical stability of the final product, too. This has been suggested by
Jeon et al.,'*® who coated anionic liposomes first with chitosan followed by sodium hyaluronate.
Liposomes with an odd number of layers have shown high polydispersity and high susceptibility
to flocculation;'> whereas those having an even number of layers have been found to be stable
and comparatively monodisperse.’*® This phenomenon is partly caused by the variation in the
strength of electrostatic interactions inside the coating when the number of polymer layers changes,
thereby affecting the ultimate stability of the functionalized liposomes generated.!*™ All these
corroborate that the properties of the generated liposomes are subjected to the procedural design
and experimental conditions adopted during the preparation and LbL functionalization of the
liposome core.”

Last but not least, the properties of drugs to be delivered may have to be taken into consideration
during the design process as the encapsulation efficiency of liposomes may vary from drug to drug.
This can be exemplified by the case of flavonoids, whose encapsulation in EPC liposomes can be
affected by the position of hydroxyl groups, as well as the presence and absence of a sugar moiety,
on the flavonoid structure.!!® In general, owing to the strong interactions between aglycones and
EPC acyl chains, aglycones can interact more strongly with the lipophilic region of liposomes,
leading to greater incorporation efficiency.!'® On the other hand, due to the comparatively weak
interactions of flavonoid glycosides with the liposome membrane, the incorporation efficiency is
low in general.}® While the structure of the payload can affect the encapsulation efficiency of
liposomes, liposomal formulation per se may affect the biological activity of the payload in return.
The effect of the latter, however, vary from drug to drug as well. While the cytotoxicity of
liposomal quercetin has been found to be lower than that of free quercetin in SF268, MCF7 and
H460 cells,™® liposomal isoscutellarein has shown higher cytotoxic effects to those cancer cell
lines than the free form.'® Because of this, the process of designing LbL functionalized liposomes
for oral drug delivery has to be tailored, when necessary, to the specific needs and properties of
the payload to be carried. Reported cycles of optimization for different parameters may be needed
before an ideal liposome prototype is attained for oral drug delivery.

6. Conclusion and outlook

Over the years, LbL technology have already shown its application potential in diverse areas,
ranging from the fabrication of multilayered reactors'’ and conducting electrodes!*® to the
development of stimuli-responsive drug release systems.'!° LbL technology has a great promise in
enhancing both the versatility and functionalities in the development of drug delivery systems,
including liposomes. Despite the promising potential brought about by the LbL technology in
research and development of oral liposomal formulations, before related scientific studies can be



translated into routine clinical practice, the safety profile of the LbL functionalized liposomes has
to be fully characterized. At the moment, electrostatic interactions constitute the most
predominately adopted mechanisms for LbL deposition. Production of charged liposomes,
therefore, becomes a precondition. Safety concerns, however, have been raised on the use of some
of the charged agents in the drug delivery. For instance, some studies have reported that
stearylamine, which is a commonly used positive charge-inducing agent for liposome preparation
is stearylamine,*?>122 may induce apoptosis by generating reactive oxygen species, activating
protein kinase C, and stimulating the release of apoptosis-dependent proteins (e.g., cytochrome c,
caspase 3, and caspase 8).12%-124 This concern has been further supported by the observation that,
upon a 24-h exposure of HT-29 cells to stearylamine-incorporated liposomes, the viability of the
cells may drop to 30-40%.%° Despite the importance of toxicological evaluation for clinical
translation, right now studies examining the toxicity of LbL functionalized liposomes have been
performed predominately in the in vitro context. Detailed evaluation of the short-term and long-
term toxicity of the liposomes before and after LbL coating is lacking. To streamline clinical
translation of LbL functionalized liposomes for oral drug delivery, clarification of the toxic effects
both in vitro and in vivo should be taken as a prioritized direction for future research.

Apart from toxicity, the M cell pathway is the major pathway for intestinal absorption of LbL
functionalized liposomes at the moment. Regarding the upper limit on oral absorption of liposomes
imposed by the M cells residing in the follicle-associate epithelia of Peyer’s patches,'® 12°
development of LbL functionalized liposomes that can get absorbed via multiple pathways is,
therefore, another promising avenue for future research. This goal may partly be achieved by using
elastic liposomes, whose development was triggered in the 1990s when liposomes with high
deformability were generated by associating phosphatidylcholine with sodium cholate or sodium
deoxycholate.?® Compared to conventional liposomes, elastic liposomes can squeeze between
cells despite their large vesicle size, and show high adaptability.*?"-12¢ If such deformability can be
provided to LbL functionalized liposomes, it is projected that those liposomes may get through
enterocytes and undergo intestinal absorption more easily.

As a summary, conventional liposomes show poor stability, poor intestinal absorption efficiency,
and low resistance to the detrimental effect of gastrointestinal destabilizing factors. This has
drastically hindered the applications of liposomes in oral drug delivery for many years, but the
LbL technology may have to potential to bring the prospect of an end to this predicament. At the
moment the development of LbL functionalized liposomes for oral drug administration is still in
the beginning, and many technical challenges (e.g., toxicity concerns, high polydispersity of LbL
functionalized liposomes, and possible aggregation of liposomes during the coating process) have
to be overcome before the wide clinical use of LbL functionalized liposomes in oral drug
administration can be attained. Regarding the rapid advances in LbL techniques and liposomal
technologies, the design and engineering of LbL functionalized liposomes will continue to be
improved in a more sophisticated manner. At that time, not only will the translation of liposomes
from research to clinical practice in oral drug delivery be facilitated, but research on the design,
optimization, and engineering of liposomal formulations for other routes of administration may
also be inspired.
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Tables

Table 1 Major strategies adopted to enhance the stability of liposomes for oral drug administration.
Strategy Working principle Strength Limitation Ref.
Modification | Modifying the composition of . Be the most direct method of . Time-consuming for 11-13
of lipid the lipid bilayer by confronting membrane liposome design
compositions | incorporating specific lipids or instability . Limited capacity to

sterols (e.g., stearylamine, . Relatively fewer variables and enhance stability
glycerylcaldityl tetraether, and parameters to be considered . Less flexibility to
phospholipids with the phase during the design process couple with site-
transition temperatures above | ¢ Maintenance of the cell-like specific ligands as
37 °C) into the liposome membrane structure compared to other
membrane strategies
. Less flexibility to
control surface
geometry
Incorporation | Incorporating an additional . Potentially supported by the . Difficult to maintain 14
of an outer outer lipid bilayer to liposomes emergence of microfluidic monodispersity
lipid bilayer S0 as to protect the liposomes technologies . Fail to provide extra
from damage caused by . Multiple compartments are surface functionalities
intestinal enzymes available for codelivery of both to liposomes
hydrophilic and lipophilic drugs . Tedious synthetic
. Maintenance of the cell-like procedures
membrane structure . Potentially instable
. Phospholipid may
undergo oxidation
and hydrolysis-like
reactions
. Less flexibility to
control surface
geometry
Interior Thickening the interior . Enable sustained release of the | « Less flexibility to 1517
thickening aqueous phase of the loaded drug couple with site-
liposome (e.g., by increasing . Can take advantage of works specific ligands as
the viscosity of the aqueous performed on existing and compared to other
phase, by using a lipid bilayer developed liposomes for carrier strategies
to enclose a hydrogel bead, or development . Less flexibility to
by inducing in situ gelation of . Maintenance of the cell-like control surface
the agueous phase using membrane structure geometry
physical stimuli) to improve . No limitation on the shape or
the physical stability of size of the particle core
liposomes and to increase the
rigidity of the lipid bilayer.
Entrapment Embedding liposomes in other | - Enable sustained release of . Less flexibility to 18
in another materials (e.g., hydrogels) to liposomes couple with site-
systems stabilize the lipid bilayer and . Supported by the accumulated specific ligands as
to achieve sustained release efforts of research on hydrogels compared to other
in the gastrointestinal tract . No limitation on the shape or strategies
size of the particle core . Changes in size and
shape after the
coating process
Surface Coating the surface of . Enable sustained release of the | ° Difficult to maintain 19-22
coating liposomes by using either loaded drug monodispersity

organic materials [e.g.,
poly(ethylene glycol) and
polysaccharides] or inorganic
materials (e.g., silica and silica
nanoparticles) so as to protect
the liposomes from the
gastrointestinal environment

Provide an easy route for
functionalization of liposomes
Easy to operate

Can take advantage of studies
performed on existing and
developed liposomes for carrier
development

Supported by the accumulated
efforts of research on polymers
Possible manipulation of the
surface geometry

No limitation on the shape or
size of the particle core

Changes in size and
shape after the
coating process
Multiple variables
and parameters to be
considered during the
design process




Table 2 Types of agents reported to be successfully delivered by LbL functionalized

nanoparticulate systems

Type of agent

Coating agents

Description

Ref.

Small
molecular
compound

Glycol-chitosan, and Eudragit S100

After an oral administration to rats, LbL coated
liposomes successfully enhance the oral bioavailability
and absorption of sorafenib, as compared to the
uncoated ones.

Graphene oxide-conjugated poly(L-lysine), and graphene
oxide

The LbL coated liposomes generated enable
intracellular DOX delivery and can respond to either
acidic environments or NIR excitation for photo-
chemotherapy.

54

Chitosan, and sodium hyaluronate

Multilayered liposomes properly coated with
polyelectrolytes show improved stability and higher
release sustainability of quercetin.

55

Chitosan, and dextran sulfate

The LbL-coated liposomes improved the release
sustainability of 1-hydroxy pyrene-3,6,8-trisulfonic
acid, alendronate, and glucose.

57

Chitosan, and polyacrylic acid

LbL coated liposomes showed higher drug release
sustainability, and lead to higher paclitaxel-induced
cytotoxicity in human cervical cancer cell culture
experiments as compared to the uncoated ones.

56

Chitosan, and deoxyribonucleic acid

The LbL-coated liposomes improved the release
sustainability of 1-hydroxy pyrene-3,6,8-trisulfonic
acid, alendronate, and glucose.

57

Inorganic salt

5,10,15,20-Tetrakis(4-sulfonatophenyl)-porphyrin, and per-
O-methyl-B-cyclodextrin-grafted-hyaluronic acid

LbL coated nanoparticles generated by using
aminated mesoporous silica nanopatrticles as the core
were adopted to carry gadolinium-IIl (Gd*"), along with
other therapeutic agent, for photodynamic/chemo
therapy

58

Protein

Xanthan, and galactomannan

The bilayer-coated liposomes showed a significant
increase in the release sustainability of epidermal
growth factor

59

Chitosan, and alginate

The LbL coated liposomes showed enhanced release
sustainability of bovine serum albumin, and also
enhance the efficiency in protein encapsulation

60

Nucleic acid

Dextran sulphate, and poly-L-arginine

Biodegradable LbL-coated microcapsules were
adopted to deliver DNA plasmids to NIH 3T3 cells

62

Poly(ethylenimine), and poly(acrylic acid) (PAA)

LbL engineered upconversion nanoparticles were
adopted for near-infrared (NIR)-initiated tracking and
for delivery of small interfering RNA (siRNA) to
resensitize resistant ovarian cancer cells to
chemotherapy.

61

Poly(styrene sulfonate), and poly(allylamine hydrochloride)

Biodegradable LbL-coated microcapsules were
adopted to deliver DNA plasmids to NIH 3T3 cells

62




Figure Legends
Fig. 1 An overview of different types of liposomes.

Fig. 2 A schmetaic diagram depicting the procedures for LbL functionalization of liposomes via
electrostatic interactions between oppositely charged polyelectrolytes.

Fig. 3 Important parameters to be considered for the molecular design of LbL functionalized
liposomes.

Fig. 4 Properties of LbL functionalized liposomes affecting the ultimate performance as effective
oral carriers





