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Abstract

Throughout the past decade, there has been a rapid growth in the development of protein/peptide-
based therapeutics. These therapeutics have found widespread applications in the treatment of cancer,
infectious diseases, and other metabolic disorders owing to their several desirable attributes, such as
reduced toxicity, diverse biological activities, high specificity, and potency. Most protein/peptide-
based drugs are still administered parenterally, and there is an unprecedented demand in the
pharmaceutical industry to develop oral delivery routes to increase patient acceptability and
convenience. Recent advancements in nanomedicine discoveries have led to the development of
several nano and micro-particle-based oral delivery platforms for protein/peptide-based therapeutics
and among these, liposomes have emerged as a prominent candidate. Liposomes are spherical vesicles
composed of one or more phospholipid bilayers enclosing a core aqueous phase. Their unique
amphiphilic nature enables encapsulation of a diverse range of bioactives/drugs including both
hydrophobic and hydrophilic compounds for delivery. Against this backdrop, this review provides an
overview of the current approaches and challenges associated with the routes and methods of oral
administration of protein/peptide-based therapeutics by using liposomes as a potential vehicle. First,
the conventional and innovative liposome formation approaches have been discussed along with their
applications. Next, the challenges associated with current approaches for oral delivery of protein and
peptide-derived therapeutics have been thoroughly addressed. Lastly, we have critically reviewed the
potential of liposomes utilization as vehicles for oral delivery of proteins emphasizing the current

status and future directions in this area.
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1. Introduction

Liposomes are spherical vesicles composed of phospholipid bilayers that enclose an aqueous
phase in their core.! These self-assembled structures with amphiphilic nature resemble the lipid
membranes found within the cellular morphology of many living organisms and thus have been used
as a model of living cell membranes.” Based on their size and lamellarity, liposomes can be classified
into three groups: (i) unilamellar vesicles (ULVs), (i) multilamellar vesicles (MLVs), and multivesicular
vesicles (MVVs) (Fig. 1). ULVs are further subdivided into three categories depending on their size:
small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and giant unilamellar vesicles
(GUVs) with sizes in the range of <100 nm, 100-1000 nm, and >1 um, respectively.’ The thickness
of the phospholipid bilayer has been reported to be around 4 nm, which is dependent on phospholipid
type, temperature, and cholesterol concentration.*

Since Bangham et al. first reported the formation of liposomes, there have been significant
research efforts on their fabrication, development and applications.” The Bangham method, also
known as the thin-film hydration (TFH) method, has been considered as the pioneer way of liposome
preparation along with other traditional techniques such as ethanol injection,” and treverse-phase
evaporation.® However, the use of organic solvents in these methods has raised questions about their
high separation cost, residues left in the system, and safety. Consequently, in recent years, there have
been many attempts to decrease or eliminate the use of organic solvents during the production of
liposomes and enhance their utility. These approaches include microfluidics,™ and supercritical fluid-
based systems.'""! Carbon dioxide (COy) is the most common fluid used in the supercritical fluid-
based liposome formation systems since it is non-toxic, abundant, and inexpensive, in addition to
having a mild critical temperature (31 °C) and pressure (7.4 MPa). During liposome formation,
supercritical carbon dioxide (SC-CO,) has been used for versatile purposes, including as a solvent,

cosolvent, antisolvent, or dispersing agent."~*
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In recent years, liposomes have received further attention due to their size and ability to
simultaneously encapsulate hydrophilic and hydrophobic bioactive compounds.'**'® Liposomes have
been utilized to increase stability, solubility, bioaccessibility, and/or bioavailability, of bioactive
compounds, and to provide targeted delivery and controlled release in food, pharmaceutical, and
cosmetic industries. Several studies have proposed liposomal formulations for the oral delivery of
bioactive compounds such as curcumin,'” icariin,'® antidiabetic peptides," exemestane (an anticancer
hormone therapy),” therapeutic peptides,” and asenapine maleate (an antipsychotic drug).” Among
these therapeutics, oral delivery of proteins and peptides is of great interest since (i) drugs approved
ot in advanced-stage clinical trials are predominantly protein-based biopharmaceuticals,” and (ii) over
50% of the drugs approved are designed for oral administration.”* However, oral delivery of proteins
and peptides faces many obstacles due to their susceptibility to degradation, hydrolysis, and being
blocked by mucus or cellular barriers in the gastrointestinal (GI) tract.

This review focuses on the oral liposomal delivery of protein/peptide-based therapeutics with
a particular emphasis on the challenges, opportunities, and recent advances. The conventional and
innovative liposome formation approaches, and their applications are assessed as a background for
further discussions. Challenges associated with the oral delivery of proteins and peptides have been
evaluated and critically discussed with a strong emphasis on their current status and strategies for

future directions.
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2. Liposome synthesis methods and their applications

2.1. Conventional methods

In the TFH-based Bangham method, phospholipids, cholesterol and lipophilic bioactives, are
first dissolved in organic solvents like chloroform, methanol, or hexane in a round-bottom flask, and
the organic solvents are subsequently evaporated using a rotary evaporator. The dry lipid film is
subsequently hydrated with an aqueous solution that may contain hydrophilic bioactives and vortexed
or sonicated to form liposomes. Liposomes synthesized using the TFH method are MLLVs of several
microns in size and have relatively low bioactive (especially the hydrophilic ones) loading efficiencies.
25,26

The ethanol injection method is another liposome preparation technique that involves the
injection of ethanolic phospholipid solution into an aqueous solution.” This method has been reported
to produce SUV liposomes with sizes in the range of 73-129 nm but low solubility of hydrophobic
bioactives in ethanol may limit their loading capacities.””* The ethanol injection process has been
successfully scaled up by Charcosset et al. from 60 mL to 3 L with good reproducibility and liposome
stability.”

Another liposome formation method, the reverse phase evaporation process, was reported by
Szoka and Papahadjopoulos.® In this method, phospholipids and hydrophobic bioactives are dissolved
in organic solvents such as ether, chloroform, or methanol, and an emulsion is formed by adding an
aqueous solution containing hydrophilic bioactives into the organic phase. The organic solvent is
removed from the system in a rotary evaporator, resulting in the formation of LUV liposomes in the
aqueous phase.”’ Even though this technique generates higher loading efficiencies compared to the
TFH method, the hydrophilic bioactives to be encapsulated are in contact with the organic phase,

which may cause denaturation of fragile molecules such as proteins and peptides.”
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Furthermore, there have been several attempts to modify liposomes after they are produced
using the above-mentioned conventional methods. These efforts include membrane extrusion,”
sonication,” and freeze-thawing processes.” These post-formation processes can further decrease the
size (i.e., from LUVs to SUVs), lamellarity (i.e., from MLVs to ULVs), and heterogeneity (i.e.,
reduction in polydispersity index) of liposomes.” " However, the conventional liposome production
methods continue to pose problems with regard to the removal of organic solvents, scalability, and

nonuniformity in the structure.

2.2. Innovative methods

In recent years, novel liposome production methods have been proposed to (i) minimize or
eliminate the use of organic solvents, (ii) increase encapsulation efficiency, (iiif) overcome scalability
problems, (iv) increase reproducibility and homogeneity, and (v) reduce processing time. These
methods are discussed below in brief, along with a brief summary in Table 1.

Microfluidics, the science and technology of fluid systems in micron scale channels,” has been
lately adapted to produce liposomes and reviewed in detail by van Swaay and deMello.’
Electroformation, extrusion, flow focusing, pulsed jetting, and double emulsion templates are a few
microfluidic approaches to name. For example, Jahn et al. produced liposomes by hydrodynamically
focusing a stream of ethanolic phospholipid solution between two sheathed streams of aqueous
solutions in a microfluidic channel.” The resulting liposomes were ULVs with sizes in the range of 50
to 100 nm, which eliminated the need for post-formation processing of liposomes.” In another
microfluidic method, watet-in-oil-in-water (W/O/W) double emulsions are utilized to synthesize
liposomes. Briefly, the oil phase is prepared by dissolving phospholipids and hydrophobic bioactives
in organic solvent mixtures such as chloroform and hexane. As the solvents are removed from the oil
phase, the phospholipid layers at the water-oil and oil-water interfaces come together and form
bilayers.>* However, the complete removal of the organic solvents from this system is challenging.

6

Page 6 of 56



Page 7 of 56

142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

165

Journal of Materials Chemistry B

This technique is reported to form monodisperse 3-carotene loaded GUV liposomes with sizes around
100-180 um.*!

On the other hand, supercritical carbon dioxide (SC-CO,)-based systems have been adapted
to generate liposomes without the use of toxic organic solvents (Table 1). Since SC-CO; has tunable
properties such as solubility, density, and viscosity, depending on pressure and temperature, it has
been employed in several liposome formation techniques for different purposes.* Recently, Tsai and
Rizvi and William et al. have extensively reviewed the SC-CO»-based liposome synthesis methods."""
These methods include rapid expansion of superctitical solutions (RESS),* supercritical reverse phase
evaporation (SCRPE),* supercritical assisted liposome formation (SuperLip),” depressutization of an
expanded solution into aqueous media (DESAM),* depressurization of an expanded liquid organic
solution-suspension (DELOS-SUSP),*’ gas antisolvent (GAS),* supercritical antisolvent (SAS),” and
particles from gas saturated solutions (PGSS).”” Most of these methods can address at least one of the
problems associated with the conventional liposome production techniques. For instance, Sharifi et
al. fabricated liposomes using a venturi-based RESS (Vent-RESS) process without using any organic
solvent.” In this approach, phospholipids and hydrophobic bioactives were dissolved in SC-CO,, and
that stream was mixed with an aqueous cargo solution in an eductor nozzle system utilizing Bernoulli’s
principle, where vacuum-driven cargo suction eliminated the need for an external pump to form
liposomes. The resulting liposomes showed a unimodal size distribution with an average particle size
ranging between 580 and 700 nm, and they were ULVs, MLVs, or MVVs depending upon the
phospholipid composition.” Also, using the SCRPE method, Zhao and Temelli produced liposomes
with supetior properties compated to the ones formed by the TFH method.” In this SC-CO»-based
method, liposomes were produced by depressurization of CO,-expanded phospholipid suspension in
water, which resulted in ULV liposomes with particle sizes in the range of 214 to 265 nm, and

enhanced storage stability for over eight weeks. On the other hand, the TFH method generated MLV
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liposomes with larger particle sizes (ca. 420 nm).”* Therefore, the SC-CO»-based liposome production
methods offer great potential to overcome the issues associated with the conventional methods while

meeting large-scale production requirements.''">’

2.3. Applications of liposomes

Applications of liposomes can be categorized into three main areas, namely food,
pharmaceutical, and cosmetics (Table 2). However, functions of liposomes across these industries can
be very similar, for example, as carriers for delivering bioactives with improved bioavailability and
storage stability, and controlled release. For food applications, liposomes have been loaded with
several bioactive compounds such as vitamins, minerals, antioxidants, and proteins (Table 2), where
the goal is to fortify foods with health-improving bioactives, protect them during food preparations,
and deliver them in their most bioavailable form.'™* For instance, Matsanasco et al. encapsulated
vitamins E and C in liposomes to fortify orange juice and protect these vitamins during
pasteurization.” In that study, liposomes provided a protective effect on the antioxidant activity of
vitamins even after pasteurization, where the heat stability of liposomes was attributed to the lipid
bilayer stabilizers: stearic acid and calcium stearate. Likewise, betanin, a color pigment with several
health benefits, was loaded into liposomes, and the liposomal formulation was incorporated into
gummy candy.”® As a result, liposomes increased oxidative stability of betanin over 60 days of storage.
Lastly, Hong et al. developed liposomes loaded with catechin and curcumin that enhanced their
bioavailability and cytotoxic effects against cancer cells.”’

Additionally, motivations similar to those for foods are also found in pharmaceutical
applications of liposomes, but the focus is more on the stability of drugs during production and
digestion, and their release and bioavailability in the body.”™ Therefore, in most cases, liposomes
developed can be used in both food and pharmaceutical products when the encapsulated bioactive
has similar utility. Compared to utilization in foods, applications of liposomes in pharmaceutical

8
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products are more prevalent. Liposomes have been effectively used in delivering drugs such as
exemestane,” asenapine maleate,” temozolomide,” irinotecan,”’ and apigenin and 5-fluorouracil.”!
Currently, more than a dozen clinically approved liposomal drugs ate in the market.®

The cosmetic industry has adapted liposomal formulations to mainly overcome the stability
and solubility problems of cosmeceuticals.” For instance, transdermal folic acid delivery,” intelligent
release of L-ascorbic acid in sunscreens,” controlled release of proanthocyanidin,” increased stability

68

and skin permeability of anthocyanin,’” and skin delivery of vitamin K; oxide® have been achieved

using various liposome-based formulations (Table 2).

3. Challenges in the oral delivery of proteins and peptides
Proteins and peptides are getting increasing attention for their use in the treatment,
management, or prevention of several diseases due to their low number of side effects, diverse

biological activities, and high specificity and potency.””"

In recent years, many protein- or peptide-
based drugs have been designed to treat various diseases, including cancer, genetic disorder, diabetes,
and inflammation.”” The global market of protein/peptide-based therapeutics was valued at around
$93.14 billion in 2018 and is expected to soon expand at a compound annual growth rate of 16.7 %
and reach a market valuation of $172.87 billion (Therapeutic Proteins Global Market Report 2020).”
Historically, patenteral administration is the predominant route for the delivery of protein/peptide-
based therapeutics. Although, parenteral administration can provide higher bioavailability compared
to the oral route, it has considerable disadvantages such as pain, reactions (e.g., swelling, rash, bleeding,

2 and in case of

burning, and redness) at the injection site, scarring, and cutaneous infections,
intravenous injection, a health care professional is required for administration. For those reasons, there

has been a growing demand for therapeutics, especially protein- and peptide-based ones, that can be

administered orally since it improves patients' compliance along with making it more cost effective,
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and flexible in terms of design and dosage forms. Especially, oral delivery can substantially improve
patient compliance about treatments of chronic diseases that require long term and repeated dosing.
However, there are several challenges in delivering proteins and peptides orally. In addition to
their susceptibility to chemical degradation during production, proteins and peptides faces numerous
hurdles throughout the oral route including (i) biochemical, (if) mucosal barriers in the GI tract, and

(iii) challenges in paracellular and transcellular transportation (Fig. 2).

3.1. Biochemical barriers

Digestive enzymes and pH change are the main biochemical barriers for delivering proteins
and peptides throughout the GI tract (Fig. 2 (A)). Although digestion starts in the mouth with salivary
amylases acting on carbohydrates at pH ~6.8 for a very short time, there is almost no protein digestion
in this part of digestion process.” However, as the therapeutic proteins/peptides move to stomach,

they encounter low pH (1-3), and protein digesting enzyme (pepsin).”

The time drugs exposed to
these conditions depends on stomach fullness, drug type, viscosity of foods ingested with, and protein
content.””™ While gastric emptying of 300 mL. of water is about 1 h,” it is over 2 h for post meal
administration of paracetamol co-ingested with a glass of water.”” Therefore, gastric emptying dictates
the exposure time to those harsh conditions. Furthermore, in the intestine lumen, protein/peptide-
based drugs may lose their activity due to several proteases such as trypsin, chymotrypsin, elastase,

carboxypeptidase A and B, and intestinal brush border peptidases, where each protease has a specific

amino acid preference.”

3.2. Mucosal barrier
The GI tract is covered with a highly complex viscous mucus layer that has multiple functions:
(i) lubricating ingested foods for passage, (i) maintaining a hydrated layer on the epithelium, and (iii)

79,80

preventing pathogens and foreign substances reaching the epithelium.”™* Mucus, secreted by goblet

10

Page 10 of 56



Page 11 of 56

236
237
238
239
240
241
242
243
244
245
246

247

248
249
250
251
252
253
254
255
256
257
258

259

Journal of Materials Chemistry B

cells, is a physical hydrogel that is primarily composed of mucin (i.e., high molecular weight
glycoproteins). In addition to mucin, mucus contains water, lipids, surfactants, proteins, enzymes,
polysaccharides, and nucleic acids.®" Also, the pH can differ significantly across the mucus layer. For
example, the pH changes from highly acidic (~2) at the surface of the stomach lumen to neutral at the
surface of the epithelium within the gastric mucus layer.*” This poses a serious impediment to
designing a drug delivery vehicle.”

The permeability through mucus layer, a critical factor for the oral delivery of
proteins/peptides, is determined by porosity of the barrier and charge of the particles (Fig. 2 (B)),”
where the pore size vaties between 25 and 200 nm.* Thus, to overcome these bartiers, particle size
and charge need to be taken into account when designing a drug delivery system. For example, as
mucin contains negatively charged glycoproteins, particles with positive charge demonstrates better

penetration through mucus layer due to electrostatic interaction.*

3.3. Challenges in paracellular and transcellular transportation

After passing the mucus layer, therapeutic peptides travel either through the spaces between
the epithelial cells (i.e., the paracellular route), or through the epithelial cells (i.e., the transcellular
route) to reach the bloodstream (Fig. 2 (C)).* Absorption through the first route is especially
challenging due to tight junctions, adherens junctions, and desmosomes, with estimated pore
diameters ranging between 1.32 and 2.02 nm.* Therefore, the paracellular route is limited to small
molecules (< 20 KDa).*” Similar to the mucus layer, paracellular transport is also affected by the charge
of the materials, where molecules with negative charges are preferred over those that are positively
charged ones.*” On the other hand, in the transcellular route, therapeutics are absorbed by the epithelial
cells, composed of enterocytes, goblet cells, Paneth cells, microfold cells (M-cells), etc.*”” Among
those, enterocytes are the most prominent cell types in the small intestine, and they are responsible
for micronutrient absorption. These cells have microvilli on their apical surface, increasing the surface

11
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area for efficient absorption and diffusion.” Nevertheless, there are different hurdles related to the
transcellular transport of protein/peptide-based therapeutics. After passing through cell membrane,
those therapeutics may be seen as foreign molecules resulting in their degradation by intracellular

peptidases,* or expulsion back to the intestinal lumen,”" which reduce their overall bioavailability.

4. Adapting liposomes for oral delivery of protein/peptide-based therapeutics

As discussed in the previous section, oral delivery of protein/peptide-based therapeutics is
largely hindered by the harsh and proteolytic environment in the GI tract. Limited absorption and
poor permeation of the therapeutics in the intestinal tract also pose as major obstacles. Thus, there
exists a clear demand for the development of new techniques to facilitate oral delivery of
protein/peptide-based therapeutics. These delivery media need to be made of non-toxic and
immunologically inert materials that would enable non-intrusive site-specific intestinal release of the
payload. Along with other particle-based oral delivery systems (e.g. polymeric particles, micelles,
inorganic nano and micro-particles, drug crystal) liposomes have emerged as a predominant delivery
vehicle for oral administration.* Fig. 3 schematically represents the fate of liposomes from oral
administration to passing through deleterious gastric environment and finally successful site-specific
delivery in the intestine. Liposomal delivery of protein/peptide-based therapeutics is preferred owing
to their advantageous attributes of biocompatibility, biodegradability, minimal-toxicity, and non-
immunogenicity. Liposomes have been effectively used to encapsulate nucleic acids, enzymes,
peptides, genes, and antibiotics with a narrow therapeutic index. However, conventional liposomes
constituting of phospholipids and cholesterol demonstrate limited efficacy in oral delivery applications
because of poor stability, low permeation, poor absorption, and rapid clearance by the
reticuloendothelial system. Some of the mechanisms proposed to enhance the stability and
bioavailability of liposomes under the GI tract conditions include but are not limited to enhanced
bilayer stability, shielding payload from enzymatic degradation, enhanced retention and better mucus

12
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penetrating abilities of bioactive loaded liposomes in the intestinal tract, and improved receptor-
mediated uptake (Fig. 4).”>”
4.1. Enhancing liposomal structural stability in the GI tract

Since their discovery, liposomes have been extensively used in parenteral delivery of drugs and
bioactive compounds.”™ The susceptibility of liposomes” phospholipid bilayer membrane towards
the combined adverse effects of gastric acid, digestive enzymes (i.e. phospholipases, pancreatic lipase,
and cholesterol esterase) and bile salts makes it a less suitable carrier for the delivery of labile
bioactives.'” " In the GI tract, a family of enzymes named phospholipase hydrolyzes the liposomal
phospholipids into choline, phosphatidic acid, and lysolipids. Under the superfamily of the
abovementioned enzyme group, phospholipase A (Ajand A;) and B catalyze the hydrolysis of ester
linkages present in the acyl chains of phospholipids. Phospholipase C converts phospholipids into
diglycerols; whereas, phospholipase D cleaves the terminal phosphate ester bond which results in the
formation of phosphatidic acid.'”""” Pancreatic lipase, another fat hydrolyzing enzyme present in the
GI tract, is also detrimental towards the liposomal structural integrity. Cholesterol esterase, an enzyme
secreted by the pancreas, hydrolyzes phospholipids and cholesterol esters, two major constituents of

the liposomal bilayer membrane, %111

Cholesterol esterase is a non-specific lipase and anionic
phospholipids (i.e., phosphatidylserine and phosphatidylinositol) are more susceptible towards its
enzymatic action compared to their less negatively charged counterparts  (ie.
phosphatidylethanolamine, phosphatidylcholine).'*""* Furthermore, the presence of bile salts in the
GI tract also endangers the liposomal structural integrity. Bile salts are integral components of bile,
and their presence in the GI tract is crucial towards digestion, intestinal homeostasis, and
hepatobiliary. Due to their strong affinity towards phospholipids” hydrophobic end, bile salts adhere

to liposomal surface and convert them into micelles through self-assembly. Bile salts are also

responsible for an increased fluidity of the phospholipid bilayer by thorough permeation which

13
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consequentially leads to breaking down of the liposomal structure.'>™"® Various approaches have been
explored to increase the stability of liposomes in GI tract during their oral administration as further
discussed later.
4.1.1. Modification of constituent phospholipids

Modification of the liposomal wall material by modulating their main constitutional
components, i.e. phospholipids and cholesterol, has been conducted in order to make them retain
their structural integrity in the GI tract.'”™ Uhl et al. synthesized liposomes by adding
glycerylcaldityltetraether lipid (GCTE) (Fig. 5 (A)) to lecithin (Fig. 5 (B)) and cholesterol (Fig. 5 (C))."*
A model glycopeptide antibiotic drug vancomycin was encapsulated in synthesized liposomes.
Modification of liposomes with GCTE resulted in a 3-fold increase in uptake of vancomycin when
administered orally in Wistar rats. Menina et al. carried out liposomal encapsulation of colistin (a
potent antibiotic effective against multidrug-resistant infections caused by gram-negative bacteria), to

enhance its oral bioavailability (Fig. 6)."*’

TFH was used to synthesize the liposomes and different
combinations of three phospholipids with saturated long acyl chains (ie., 1,2-dipalmitoyl
phosphatidylcholine (DPPC) (Fig. 5 (D)), 1,2-distearoyl-sn-glycero-3-phospho-choline (DSPC) (Fig 5
(E)) , and 1,2-dipalmitoyl phosphatidylcholine/1,2-dipalmitoyl-sn-glycero-3-phospho-ethanolamine-
N-Glutaryl (DPPE-GA) (Fig 5 (F)) and cholesterols were explored to optimize liposomal drug
encapsulation and stability. Liposomes prepared from DSPC:DPPE-GA:cholesterol (1:0.2:1 molar
ratio) (L1) and DPPC:DSPC:DPPE-GA:choleterol (1:1:0.2:1 molar ratio) (I.2) resulted in an
optimized encapsulation and loading efficiency over 55 and 50 %, respectively. The stability of colistin
encapsulated liposomes was evaluated in simulated biorelevant media. In fasted state-SGF and
simulate intestinal fluid (SIF), L1 released less than 10% of encapsulated drug. Whereas in fed state-

SIF along with digestive enzymes, 32% of encapsulated drug was released. For L2 less than 5 % of

the encapsulated antibiotic was released in fasted state-SGF and SIF conditions and maximum 20 %

14
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of the drug was released in fed state-SIF along with digestive enzymes (Fig. 6 (C) and (D)). After
optimizing the stability of liposomes in GI tract, they functionalized the liposomes with extracellular
adherence protein. Functionalized liposomes were able to substantially reduce the number of
intracellular bacteria when treated on Human epithelial type 2 (HEp-2) and Caco-2 cells infected with
Salmonella enterica (Fig. 6 (E) and (F)).'” Vergara et al. used rapeseed phospholipid (RP) (constituted
by: 1-oleoyl-2-linoleoyl-sn-glycero-3-phosphocholine (Fig. 5 (G)), 1-oleoyl-2-linoleoyl-sn-glycero-3-
phosphoethanolamine (Fig. 5 (H)), phosphatidic acid (Fig. 5 (I)), lysophosphatidylcholine, (Fig. 5 (J)),
stigmasterol (ST) (5 (K)) and/or hydrogenated phosphatidylcholine (HPC) to synthesize liposomes by
using TFH. They encapsulated lactoferrin (LF) as a model iron—binding glycoprotein to study the
potential of using these liposomes as useful oral delivery system.'” In SGF after 2 h of incubation,
around 80 % of the LI remained intact when encapsulated in liposomes prepared from RP and HPC.
They inferred that the higher phase transition temperature of HPC (Tm ~ 55 °C) made synthesized
liposomes less permeable and thus more stable in SGF. In SIF condition, liposomes released around
80% of the encapsulated LF when incubated for 2 h in the presence of SIF. Modification of
constituent phospholipids to increase liposomal stability is the most direct method available because
of the limited number of variables to be manipulated during synthesis. It provides membrane stability
while maintaining the cell like bilayer structure. However, it comes with the limitations of less flexibility
in terms of controlling surface geometry and site-specific delivery characteristics.
4.1.2. Incorporation of bile salts in bilayer

Several studies have been carried out to mitigate the detrimental effects of bile salts towards

101129130 0o cher

liposomal stability by anchoring bile salts into the bilayer membrane of liposomes.
et al. first synthesized bile salt containing liposomes and the resulting vesicles were named

bilosomes."" Although bile salts initially disrupted liposomal structural integration, it was hypothesized

that prior incorporation of bile salts in bilayer would help them retain their original structure when

15
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exposed to further bile salts present in the intestine. When exposed to an external bile salt
concentration of 5 mM, both liposomes and bilosomes were able to retain 90% of the entrapped
protein (bovine serum albumin, BSA). However, at a higher external concentration of bile salts (20
mM), bilosomes retained almost twice the amount of encapsulated BSA compared to traditional

liposomes."!

The potential of using bile salts to enhance the liposomal stability has been further
studied by several research groups. Hu et al. compared the performance and stability of conventional
liposomes (Ch-L) prepared by using cholesterol and phospholipids with liposomes containing a bile
salt, sodium glycocholate (SGC).""! In SGF the stability of SGC containing liposomes (SGC-L) was
determined by quantifying the release of fluorescent dye calcein. Inclusion of SGC resulted in
substantial increase in calcein release compared to Ch-L. The integrity of SGC-L encapsulating a
model protein insulin was investigated for both in vitro and ex vivo gastrointestinal fluids; and in both
these conditions SGC-L retained higher amounts of initially encapsulated insulin. In ex vivo condition,
after 4 h of incubation in SGF, Ch-L and SGC-L retained respectively 9 and 17 % of initial
encapsulated insulin. For SIF, on the other hand, those values were 9 and 20 % of the initial loading.
Thus, the modulation of liposomal bilayer structure provided extra protection towards encapsulated
insulin during its oral delivery.'” Elnaggar et al. encapsulated Risedronate (RS), a drug that hinders the
onset of Osteoporosis, in bilosomes to increase its oral bioavailability.'”* They synthesized bilosomes
of anionic and catanionic attributes to illustrate their respective ability to enhance liposomal structural
integrity. Bilosomes synthesis was conducted by reversed phase evaporation technique. Phospholipid,
cholesterol, and bile salt molar ratio was optimized at 4:1:1 to encapsulate 10 mg/mL solution of RS.
In cationic bilosomes, positive charge was induced by the addition of 1, 2-Dioleoyloxy-3-
trimethylammonium propane chloride (DOTAP) or Stearylamine. In terms of stability in digestive

media, cationic bilosomes demonstrated superior results compared to their anionic counterparts.

However, they induced higher oral toxicity. In contrast, anionic bilosomes substantially reduced RS’s
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toxicity and increased its permeation."”” Rizwanullah et al. synthesized bilosomes by TFH to enhance
the oral bioavailability of an antiviral drug acyclovir.'” They hypothesized that use of bilosomes would
be effective to increase acyclovir’s absorption in the intestine by providing resistance towards
disruption by digestive media and promoting better permeation. In SIF acyclovir containing bilosomes
demonstrated 95 % release, whereas for free acyclovir suspension and another commercially available
formulation those values were 40 and 53 %, respectively. In Wistar rat, the relative bioavailability of
acyclovir was 4.4 and 2.5 times higher for bilosomes when compared to free acyclovir suspension and
another commercially available formulation, respectively.'” In their recent work, Deng et al. reviewed
how bile salts could be used for transporter mediated delivery of drugs in various forms of oral
administration.” Even though embedding bile salt in the bilayer of liposomes provides extra stability
in the GI tract and increases oral bioavailability of encapsulated therapeutics, it can also negatively
impact the intestinal internalization of liposomes and therapeutic performance of encapsulated
peptides or proteins."”
4.1.3. Surface coating to enhance stability

Several enteric polymers, such as natural and modified carbohydrates have been used

193136 These materials prevent disintegration of liposomes in the

extensively to coat liposomal surface.
GI tract, and consequentially a higher proportion of liposomes are carried forward to the small
intestine which results in enhanced absorption of encapsulated bioactives.”>”>"”"* In addition to
being resistant to low pH, most of these materials provide excellent mucoadhesive properties.'*' Costa
et al. used a continuous two-step microfluidic procedure to produce insulin loaded liposomes for oral
delivery applications.'** Recombinant human insulin was incorporated in liposomes prepared from
distearoylphosphatidylethanolamine poly (ethyleneglycol)200 (DSPE-PEG2000), eggo-

phosphatidylcholine (E-PC), and cholesterol. Addition of PEG promoted an elevated blood

circulation of insulin loaded liposomes by the reduction of macrophagic recognition. Synthesized
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liposomes demonstrated an average diameter of around 144 nm along with insulin encapsulation
efficiency of 91%. Insulin loaded liposomes were furthermore coated with another layer of chitosan
to enhance their stability in gastric stomach environment. Chitosan’s efficacy to protect liposomes
from gastric degradation was validated through in vitro studies which showed that insulin release was
only initiated at a pH at 6.8 which is above chitosan’s pKa value. Furthermore, owing to chitosan’s
mucoadhesive properties, chitosan coated liposomes showed an enhanced uptake and permeation of

insulin across the intestinal epitheliurn.142

Methyl methacrylate- methacrylic acid block co-polymers;
i.e. Budragit I. 100 and S 100 dissolves over pH 6 and 7 respectively and thus coating liposomes with
these polymers protect them from the acid reflux in GI tract."*'* Sharma et al. encapsulated
recombinant human insulin in liposomes prepared from soy lecithin and cholesterol. Synthesized
liposomes were further coated with protamine sulfate, which was used as a permeation enhancer.'”
Protamine sulfate coated liposomes were encased in an Eudragit S 100 coated gelatin capsule. After 2
h incubation in SGF, negligible release of insulin was observed for Eudragit coated liposomes, whereas
in SIF, 82 % of encapsulated insulin was released. Presence of protamine sulfate coating resulted in
enhanced uptake of insulin in Caco-2 cells. Eudragit S 100 protected liposomes and encapsulated
insulin from proteolytic degradation in stomach and enabled stable release in intestinal epithelium."*’
Zhao et al. in their study, aimed to increase oral absorption of sorafenib (S), a drug often used for the
radio therapy of colorectal cancer.” TFH method was used to encapsulate sorafenib in liposomes
(SL). The synthesized liposomes were coated with glycol chitosan (G-SL), followed by another layer
of coating with Eudragit S 100 (E-G-SL). Encapsulation efficiency of 97 and 90 % was observed for
E-G-SL and G-SL, respectively. Coated liposomes were stable in SGF and were able to retain more
than 80 % of the encapsulated drug compared to their uncoated counterparts, which showed only 40

% retention (Fig. 7 (A)). At pH 7.4, G-SL and E-G-SL both showed comparable cellular uptake(Fig.

7 (B)); however, when orally administered in rats, E-G-SL significantly improved systemic exposure
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of sorafenib compared to other formulation (Fig. 7 (C))."”” Gomaa et al. encapsulated bacteriocin
MccJ25 (produced by E. coli pTUC202 strain) in both cationic and anionic liposomes and coated
them with a dual layer comprising pectin and whey protein isolate (WPI) to develop an oral
administration.” Anionic liposomes coated with a dual layer of pectin and WPI showed substantially
better protection of MccJ25 under simulated gastric conditions. Mohanraj et al. coated conventional
liposomes containing insulin with silica nanoparticles and observed the stability and release properties
of synthesized hybrid silica-liposome nanocapsules.” Synthesized silica containing liposomes
demonstrated an insulin encapsulation efficiency of 70 % and negligible release of insulin was
observed in the SGF when incubated for 2 h. However, in SIF a two-step insulin release pattern was
observed; which comprised a rapid release for initial 2 h, followed by a delayed release for 8 h."* It is
evident that surface coating provides functionalization to liposomal surface and enables manipulation
of the surface geometry and other properties to facilitate customized and sustained release of the
payload. However, coated liposomes often show inconsistency in terms of shape and size, and thus it
is difficult to maintain monodispersity of the particles. Furthermore, the processing involves additional
parameters and variables that need to be optimized during coating stages.
4.2. Enhancing liposomal absorption in the GI tract

Another major challenge in the liposomal oral delivery of protein/peptide-based therapeutics
is their low bioavailability due to poor penetration through the mucus layer and low absorption in the
intestinal epithelial cell line. Liposomes that reach small intestine in intact condition face a second
challenge of poor permeation through the epithelial cells which act as the main absorption barrier.
Currently there is a scarcity of published work exploring the exact mechanisms of liposomal
absorption in the GI tract. In the first mode of absorption after their transit from the stomach to small
intestine, the liposomal structure is disrupted with a gradual release of the encapsulated bioactive in

the intestinal lumen followed by transfer into intestinal epithelia by means of micelles or other
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secondary carriers. However, for protein/peptide-based therapeutics this is less effective because the
released therapeutics have to penetrate through the mucus cell lining prior to reaching the epithelia.'”’
Mucus is ubiquitously preset in the GI tract and acts as a biochemical barrier in between epithelial
lining and lumen. It is rich with several proteolytic enzymes which result in quick degradation of
released protein/peptide-based therapeutics before reaching the epithelia."* A different pathway to
enhance bioavailability of encapsulated therapeutics would be absorption of the liposomes along with
the encapsulated payload. Even though liposomes containing protein/peptide-based therapeutics pass
through the mucosal layer, intestinal epithelia often obstruct its entry into the circulating blood stream
owing to intact liposomes’ relatively large particle size."”>"* Uptake of intact liposomes by M cells,
situated at the surface of the follicle-associated epithelium, has been proposed as an alternative
pathway to enhance absorption. M cells are least protected by mucus, and possess reduced level of
enzymatic activities, and therefore are capable of transferring several macromolecules (i.e., antigen,
virus, bacteria) from lumen to lymphoid tissue. However, its limited availability and variation in
distribution substantially restricts its efficacy as a pathway for absorption.”””™ One promising
approach of increasing absorption of liposome encapsulated protein/ peptide-based therapeutics is to
increase their residence time in the intestine. Several natural and synthetic polymers have been used
to coat liposomal surface to enhance their mucoadhesive properties. These polymers adhere to a
specific site of intestinal lining and develop a patch on its surface, which facilitates enhanced
penetration of encapsulated therapeutics into the epithelium cells along with reducing dilution effects
by preventing premature release.””” Enhancement of mucoadhesion is also attainable by modulating
the liposomal surface charge. Liposomes with positive surface charges demonstrates better
mucoadhesive properties by adhering to the negatively charged moieties in mucin glycoproteins, the
positive charge also adds resistance towards enzymatic degradation.'”'® In their work, Shao et al.

increased oral bioavailability of CoQ10, a lipophilic benzoquinone, used in the treatment of
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cardiovascular disease.””" Liposomes were synthesized by solvent injection method followed by
coating with d-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS) and chitosan (Fig. 8 (A),
(B), and (C)). Chitosan was used for its mucoadhesive and cationic polyelectrolytic properties. TPGS
was used as a permeation enhancer. It also increases cellular uptake by scavenging free radicals,
inhibiting P-glycoprotein -mediated drug resistance, and by prolonging circulation time. It was
hypothesized that liposomes coated with both chitosan and TPGS will have better GI stability and
intestinal absorption. TPGS and chitosan coated liposomes demonstrated CoQ10 encapsulation
efficiency over 75 % and good stability in acidic pH, and excellent storage stability. No significant
change was observed in the diameter, zeta-potential, and EE % when stored at 4 and 25 °C for 3
months. Coated liposome demonstrated significantly higher mucin penetration ability compared to its
uncoated counterpart (Fig. 8 (D)). TPGS and chitosan coated liposomes increased cellular uptake of
CoQ10 in Caco-2 cells by around 30-fold when compared to untreated drug. When orally administered
in rats, coated liposomes demonstrated an extended and sustained CoQ10 release profile for up to 24
h and also caused a 3.4-fold increase in systemic exposure of CoQQ10 when compared to untreated
drug (Fig. 8 (E))."" In addition to enhancing stability and mucoadhesion, polymers have been also
used to coat liposomes to enhance its intestinal permeability. Liposomes coated with mucus
penetrating polymers demonstrated better uptake by epithelial cell owing to increased residence time

19216 Yamazoe et al. surface-modified liposomes with PEG and glycol chitosan

in the mucus layer.
(GS) to increase oral bioavailability of fluorescein isothiocyanate dextran (FD), a model peptide-based
drug.'™® In an in vitro artificial mucus model, the PEGylated liposomes demonstrated better mucus
permeability compared to unmodified and liposomes modified with GS. Substantially higher cellular
uptake of FD was observed for PEGylated liposomes when tested in Caco-2 and mucus-secreting

Caco-2/HT29 co-culture. When PEGylated liposomes were combined with absorption enhancer

spermine maximum absorption of FD was observed during in vivo rat model.'** To increase oral
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bioavailability of liposomes, several absorption enhancers along with polymer coating have been
exploited to increase liposomal absorption through epithelial cell line by means of trans and para-
cellular transportation.'>'*° Parmentier et al. synthesized liposomes containing permeation-enhancers
to increase oral-bioavailability of human growth hormone (hGH). Liposomes were synthesized by
using tetracther lipid, egg-phosphatidylcholine, and cholesterol through dual asymmetric

centrifugation.'”’

They compared the performance of several permeation-enhancers (e.g.,
cetylpyridinium chloride (CpCl), phenylpiperazine, sodium caprate, D-a-tocopheryl polyethylene
glycol 400 succinate, or octadecanethiol) individually and in combination. Liposomes containing
CpCL were able to achieve a 3.4 % relative bioavailability of hGH compared to subcutaneous control;
whereas, for oral- administration of free hGH the relative bioavailability was only 0.01 %.'"” Ligand
mediated endocytosis is another prospective mechanism to enhance liposomal absorption through
transcellular transport. Liposomal surface modification with specific nutritional ligands, allow site-
specific cellular uptake through ligand-receptor interaction in intestinal epithelia.'®'” He et al.
investigated the feasibility of increasing insulin absorption in intestine through vitamin ligand—receptor
interactions by decorating liposomal surface with two different ligands, thiamine and niacin."”” Insulin
loaded liposomes were prepared through reverse phase evaporation method. Thiamin and niacin were
first conjugated with stearamine, which facilitated the attachment of the ligands on liposomal surface.
Decorated liposomes demonstrated an average insulin encapsulation efficiency around 30 %. In SGF
and SIF after 4 h of incubation, decorated liposomes were able to protect 60 and 80 % of the
encapsulated insulin. In diabetic rat model induced by streptozotocin, ligand decorated liposomes
demonstrated a mild and sustained hypoglycemic effect. Niacin and thiamin decorated liposomes were
able to reduce blood glucose levels as low as 72 and 81 % of the original value, respectively.'” Several

other strategies that have been explored to increase absorption of liposomes encapsulating

protein/peptide-based therapeutics in the GI tract have been summarized in Table 3.
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5. Conclusion and prospects

In the past decade, there has been a rapid growth in the development of protein/peptide-
based therapeutics which has greatly reshaped the traditional pharmaceutical industry. The foundation
of protein/peptide-based therapeutics was laid with the discovery of insulin in 1922.""" The huge
success of recombinant DNA technology to facilitate insulin’s commercialization has initiated a
wortldwide shift in the research and development of protein/peptide-based therapeutics. Currently,
there are more than 100 peptide-based drugs that are approved by US Food and Drug Administration
and a substantial new research is ongoing to evaluate their potency for the treatment of cancer,
infectious diseases, inflammation, and other metabolic disorders.'”>™"* Though protein/peptide-based
drugs offer numerous advantages, parenteral administration is still the predominant route for the
delivery of these therapeutics. Historically oral administration of therapeutics has been considered as
the most suitable owing to an increased patient compliance. Key obstacles in the implementation of
oral of delivery of protein/peptide-based therapeutics include their low bioavailability due to the
hinderance caused by the harsh and proteolytic environment in the GI tract. Additionally, limited
absorption and poor permeation of the therapeutics in the intestinal tract also possess major challenges
to their adoption. Thus, development of novel oral delivery routes for protein/peptide-based drugs
while utilizing their full therapeutic efficacy is a topic of major interest in today’s pharmaceutical
industry. Considerable amount of research resulted in an influx of approaches for oral delivery of
protein/peptide- based therapeutics, which include but not limited to smart hydrogels, tablets, ionic
liquids, and liposome-based systems. Among those approaches, tablet formulations of some
proteins/peptides such as insulin, semaglutide, and salmon calcitonin have progressed to clinical
trials."”™ The oral formulation of semaglutide (Rybelsus®) was the first oral treatment to be
approved by the FDA in 2019 for the control of blood sugar in adults with type 2 diabetes.'” The

details of those clinical trials have been reviewed elsewhere.**'®" However, there is not any available
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clinical trial data for the oral delivery of protein/peptide-based therapeutics using liposomes. This
review illustrated some contemporary advanced techniques used to facilitate oral delivery of
protein/peptide-based therapeutics by using liposomes as a vehicle. As conventional liposomes are
susceptible to adverse effects of the pH, bile salts and enzymes of the gastric environment, several
attempts have been made by different researchers for the development of novel liposomal
formulations for protecting these therapeutics, as explained in this review. Liposomal formulations
have a promising potential for their clinical translation due to their low toxicity, biocompatibility, and
biodegradability. However, liposome-based delivery of protein/peptide therapeutics still face critical
challenges. Holistic research approaches are required to better elucidate the absorption mechanism of
liposomal formulations in the GI tract with an emphasis on understanding how different dietary
practices impact the inner patient variance in GI tract absorption of protein-based therapeutics. In
addition to this, there still exists an unmet need for optimization of formulation design to enable mass
production of liposome-based formulations on an industrial scale. The bottleneck of liposomal mass
production lies in the inconsistency in their batch-to-batch production and the absence of inexpensive
and efficient methodologies to develop solid dosage form."**'*> Nonetheless, the future prospective
of developing liposome-based protein/peptide based therapeutic has bright potential. New sustainable
and scalable formulation methodologies in conjugation with a better perception of the absorption
mechanism will lead to the development of next generation of liposomes-based delivery platforms

which will enable the development and delivery of new therapies for a wide range of diseases.
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890  Table 1. Properties of liposomes produced using various approaches

. . Liposomal
Synthesis Organic wall Size Reference
method solvent .
material
Vent-RESS No MFGM PL 533 nm 42
i PC and
Modified TFH Yes MPEG 121-148 nm 20
. . DPPC and
Micro-fluidics Yes HDA 200 nm 57
L PC and
Ether injection Yes I.MP 110-160 nm 184
TFH combined PC, PE, 190-1729
. Yes PS, and 185
with HPH . nm
chitosan
SuperLip Yes PC 139 nm 186
RESS Yes PC 270 nm 187
TE-SC-CO, Yes PC 140 nm 188
. HEPC and
Modified TFH Yes PEG 51 nm 189
Transmembrane HSPC and
ammonium Yes DOPE- 65 nm 190
sulfate gradient GSH
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891
892
893
894
895
896
897
898
899
900
901

902

903

904

905
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) PC and
Modified TFH Yes HP-8-CD 80-90 nm 191

Abbreviations: TFH, thin film hydration; Vent-RESS, venturi-based rapid expansion of supercritical
solutions; MFGM PL, milk fat globule membrane phospholipids; mPEG, methoxy polyethylene
glycol distearoyl ethanol-amine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; DPPC, dipalmitoylphosphatidylcholine; HDA, hexadecylamine; EL, egg yolk
lecithin; AMS, 3-(4-Butyl-1H-1,2,3-triazolyl)-58-cholan-24-oic acid, ampholytic switch; LMP, low
methoxyl pectin; HPH, high-pressure homogenization, SuperLip, supercritical assisted liposomes
formation; RESS, rapid expansion of supercritical solution process; TE-SC-CO,, combined method
of thin film hydration and supercritical carbon dioxide technique; HEPC, hydrogenated egg
phosphatidylcholine, HSPC, hydrogenated soy phosphatidylcholine; DOPE-GSH, glutathione
modified 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine phospholipid; HP-3-CD, hydroxypropyl-3-
cyclodextrin.
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906  Table 2. Recent applications of liposomes in food, pharmaceutical, and cosmetic industries
Liposome Bioactive compounds .
) Liposome
synthesis Hvdronhobi Hvdroohili roberties Outcomes Reference
method ydrophobic ydrophulic prop
- Improved
MLV antioxidant
TFH Vitamin B Vitamin C - activity and 55
- 0.5-100 um o
stability in
orange juice
o - ULV and .
Vent-RESS ~ Vitamin E Vitamin C, MLV M(‘;l?“mmm 51,192
iron ~ 580.700 am elivery
- Increased
N oxidative
Modifi . T ono ility of
odified — Betanin dispersed stab1. o 56
TFH betanin over
- 36 nm
60 days of
storage
. - Mono-
Micro- - Enh
1.cr.o Curcumin Catechin dispersed ) En .anc.e d 57
fluidics bioavailability
- 200 nm
Heating, ULV - Increased
N - or ..
ho.‘mgenifat Fish oil — MLV S;azlht.f of 193
1or.1, an ~ 300-500 am ish oil in
sonication yogurt
- Increased
Modified - SUV stability in
— 2
TFH Fxemestane 121148 nm  gastric 0
conditions
Modified Asenapine - SUV - Enhanced 2
TFH maleate - 98-110 nm  bioavailability
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907
908
909
910

Modified
TFH

TFH +

extrusion

Modified

TFH Apigenin

Modified

TP Folic acid

Modified

TFH CDBA

REV —

Modified
TFH

Modified
TFH

Vitamin K,
oxide

Journal of Materials Chemistry B

Temozolo- - ULV
mide - 118-145 nm
- Mono-
Irinotecan dispersed
- 86-168 nm
5- - LUV
Fluorouracil - 93-105 nm
o - ULV
- 120-280 nm
L-ascotbic - SUV
acid - 143 nm
Proantho- ) Mono—
- dispersed
cyanidin 145 om
- Mono-
Anthocyanin dispersed
- 123 nm
- Mono-
— dispersed
- 127 nm

- Increased
therapeutic
efficacy

- Boost
cellular uptake

- Increased
bioavailability
and
therapeutic
efficacy

- Enhanced
transdermal
delivery

- Controlled
release in
sunscreens

- Controlled
release on

skin

- Enhanced
skin
permeability

- Enhanced
release and
skin
permeability

59

60

61

64

65

66

67

68

Abbreviations: TFH, thin film hydration; Vent-RESS, venturi-based rapid expansion of supercritical

solutions; MLV, multilamellar vesicle; ULV, unilamellar vesicle; SUV, small unilamellar vesicle;
LUV, large unilamellar vesicle; CDBA, 4-cholester-ocarbonyl-49 -(N, N’-diethylaminobutyloxy)

azobenzene; REV, reverse phase evaporation.
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911  Table 3. Recent advances in increasing liposomal absorption in gastrointestinal (GI) tract
Synthesis Strategy to adapt Outcomes Properties (vesicle Reference
method; liposomes for oral type, diameter, zeta
encapsulated delivery potential, and
bioactive micrograph)
TFH; - DOTAP was used in - Insulin EE was 86 %. ULV 194
r binant bil for positi
hlf;i?m‘:iﬁn Sjryfzrceihi fgse tze - In SGF and SIF, after 48 h of 439.0 nm
] : 5 0
Humilin-N® facilitate higher insulin 11.1cubgt10n, 19°and 7.3 /o of loaded 60.5 mV
entrapment and insulin was respectively released.
increased residence - In ex vivo intestinal
time in the endothelial mucoadhesion test, chitosan
tract. coated cationic liposomes’ tissue
_ liposomes were residence time was substantially
further coated with higher.
mucoadhesive polymer - A significant reduction in blood
chitosan. glucose level was observed within
1 h of oral administration in
streptozotocin-induced diabetic
mice; and the effect sustained for
8 h after administration.
TFH; - Liposomes were - Amoxicillin EE of 83 % was NA 195
amoxicillin, a coated with pectin. observed 517
penicillin - . o
- Pectin is In in vitro study 85 % of the total
-26.9 mV

antibiotic for
local antibiotic
therapy
against
Helicobacter

pylori
infection

mucoadhesive and also

inhibits H. pylori
recolonization and
further infection by

binding itself with H.

pylori’s outer
membrane protein

analogues (e.g. BabA,

LPS).

- Amoxicillin-loaded

pectin-coated

liposomes will be able

to interact with the

drug was released within 1 h.

- CLSMs demonstrated site-
specific binding between pectin
coated liposomes and outer layer
of H. pylori. Furthermore,
mucoadhesive properties of pectin
due to electrostatic interaction
with the negatively charged
mucins facilitated anchoring of
liposomes with the stomach mucin
and effective penetration into the
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TFH followed
by membrane
extrusion;
cyclosporine
A (CyA), a
polypeptide
based immune
suppressive
agent

mucin and bind itself
with the H. pylori
followed by release of
the antibiotic drug and
subsequent inhibition
of the bacterial
adhesion to the host
cells.

- Liposomes were
coated with Pluronic®
F127 (PF127), a
hydrophilic nonionic
long chain polymer.

- PF127 possess mucus
penetrating properties.
Coated liposomes
would have better
ability to reach
intestinal epithelial cell.
Thus, encapsulation of
CyA in PF127 coated
liposome would
increase its oral
bioavailability.

Journal of Materials Chemistry B

mucus layer followed by release of
encapsulated amoxicillin.

- CyA EE was 90 %.

- For PF127 coated liposomes an
enhanced stability in SGF was
observed.

- PF127 coated liposomes
demonstrated a ubiquitous
presence throughout the mucus
layer side of the GI tract and no
site-specific aggregation was
observed. The coated liposomes
also exhibited a higher turnover at
the intestinal epithelial by
penetration through the mucus
layer as observed under CLSM
and fluorophotometry.
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NA 196
172.8 nm
- 43 mV

NA
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TFH followed

by extrusion;

- The liposomes were
coated with PEG to

insulin regular protect them from

U-100,
Humulin R

acidic stomach.

- PEGylate liposomes
were decorated with a
folic acid (FA) ligand,
FA is a form of vitamin
B9 and its receptors are
present in intestinal
epithelial. It was
hypothesized that
addition of FA ligands
would increase
liposomal absorption
through receptor-
mediated endocytosis

TFH; insulin - DOTAP was
incorporated in
liposomal bilayer to

increase cellular uptake.

- Synthesized
liposomes were coated
with BSA and were
named as protein
corona liposomes

(PcCLs)

- It was hypothesized
that neutrally charged
and hydrophilic BSA
layer would facilitate

Journal of Materials Chemistry B

- Insulin EE was 60 %.

- PEGylated liposomes showed
enhanced stability in SGIF and a
significantly higher amount of
insulin was released in SIF when

compared to uncoated liposomes.

Coated liposomes demonstrated
25 and 48 % release of loaded
insulin within.1 of study in SGF
and SIF, respectively.

- Significantly higher uptake in
caco-2 cell was observed for
liposomes decorated with FA
ligands.

- FA decorated PEGylated
liposomes demonstrated higher
residence time in the stomach.

- When orally administered in
diabetic rats, folate decorated
PEGylated liposomes resulted in
an increased intestinal uptake of
insulin as supported by higher
serum insulin content. A relative
insulin bioavailability of 19.1 %
was observed.

- The PcCLs demonstrated an
insulin EE and LE of 28.7 and 1.5
%, respectively.

From PcClLs, 40 % of
encapsulated insulin was released
in 6 h while tested using an in
vitro assay, mimicking intestinal
environment (pH=06.8).

The PcCLs demonstrated around
21-fold higher mucus penetrating
ability compared to uncoated
liposomes. The BSA layer was
degraded during transit through
the mucus layer and only exposed

NA
167 - 208 nm
-6.8 - -49 mV

NA
194.9 nm
-10.9 mV

197
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mucus penetration.
During transit through
the mucus, BSA layer
on liposomes would be
enzymatically degraded
while protecting the
encapsulated insulin.
Thus, these PcCLs
would be effective to
increase insulin
bioavailability by
overcoming the mucus
and intestinal
epithelium barriers.

Journal of Materials Chemistry B

cationic liposomes interacted with
the epithelial cell line.

For PcClLs, a 3.2 times higher
insulin uptake was observed
compared to free insulin.

When administered in type 1
diabetic rats, insulin incorporating
PcCLs caused around 40 %
reduction in glucose level and
hypoglycemic effect sustained for
12 h. For PcCLs, an oral insulin
bioavailability of 11.9 % was
observed.
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912

913
914
915
916

Abbreviations: TFH, thin film hydration; ULV, unilamellar vesicle; DOTAP , N-[1-(2, 3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium methyl-sulfate; CLSM, confocal laser scanning microcopy; GI,
gastrointestinal; PEG, polyethylene glycol; EE, encapsulation efficiency; LE, loading efficiency; SGF,
simulated gastric fluid; SIF, simulated intestinal fluid; BSA, bovine serum albumin.
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918
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921
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(i) Unilamellar vesicles
SUV LUV

<100 nm

100-1000 nm

>1pm

(ii) Multilamellar vesicles (iii) Multivesicular vesicles

> 100 nm

Fig. 1. Classification of liposomes based on their lamellarity and size.
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Fig. 2. Physiological barriers during oral delivery of proteins and peptides. (A) biochemical barrier,

(B) mucus bartiet, and (C) cellular barrier. Adapted from Brown et al. **
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Oral adminstration of
protein/peptide-based
theraprutcs loaded

liposomal formula

Site specific release of

encapsulated payload in
-intestine and

subsequent absorption

Paracellular transport  Transcellular transport

4/

[Lymphatic ) el. D)
Inact therapeutic-loaded Absorption of protein/peptide-based
liposomes in acidic and therapeutics through intestinal epithelium
928 proteolytic gastric environment into blood and lymph-circulation

929  Fig. 3. Schematic representation desctibing the fate of protein/peptide-based therapeutics loaded liposomes
930  from oral administration to site-specific intestinal delivery to circulation.
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Fig. 4. Strategies for adapting liposomes for oral protein/peptide-based therapeutics delivery.
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Fig. 5. Structure of phospholipids and modified-phospholipids that have been used to improve
liposomal stability in GI tract (A) glycerylcaldityltetraether lipid (GCTE), (B) lecithin, (C) cholesterol,
(D) 1,2-dipalmitoyl phosphatidylcholine (DPPC), (E)1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), (F) 1,2-dipalmitoyl-sn-glycero-3-phospho-ethanolamine-N-Glutaryl (DPPE-GA), (G) 1-
oleoyl-2-linoleoyl-sn-glycero-3-phosphocholine, H) 1-oleoyl-2-linoleoyl-sn-glycero-3-
phosphoethanolamine, (I) phosphatidic acid, (J) lysophosphatidylcholine, and (K) stigmasterol.
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Fig. 6. (A) Scanning electron microscopy and (B) cryo-transmission electron microscopy images of
L2 containing 4 mg ml-1 colistin. Cumulative release of colistin from (C) Col-L1 and (D) Col-L2 over
a duration of 5 h in different media (FaSSGF: fasted state simulated gastric fluid, FaSSIF: fasted state
simulated intestinal fluid, FaSSIF-Enz: fasted state simulated intestinal fluid containing enzymes,
FeSSIF: Fed state simulated intestinal fluid, PBS: phosphate buffer solution. Effect of treating
Salmonella enterica infected (E) HEp-2 cells and (F) Caco-2 cells with free colistin (Col), empty
liposomes (L2), nonfunctionalized colistin loaded liposomes (Col-L2), and extracellular adherence
protein-functionalized colistin loaded liposomes (EapCol-L2). A colistin concentration of 30 pg
mL—1 was used in all cases and extracellular adherence protein concentration of 20 ug mL—1 was
used for BEapCol-1.2. *P < 0.05 and **P < 0.01. Reproduced from Menina et al.'”’
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Fig. 7. (A) Stability of different liposomal formulations at pH mimicking gastric (pH 1.2) and intestinal
environment (pH 7.4) after respective incubation of 2 and 8 h. (Mean * SD, n = 3). (B) Cellular uptake of
sorafenib by Caco-2 cells from different liposomal formulations at pH 6.5 and 7.4 (Mean £ SD, n = 3). *p < .05.
(C) Sorafenib’s pharmacokinetic profile after oral administration to rats (Mean * SD, n = 4-6) from different
liposomal formulations, dose was equivalent to 10 mg/kg of sorafenib. Reproduced with permission from
Zhao et a].1%0
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972  Fig. 8. Transmission electron microscopy images of (A) TPGS-coated liposomes, (B) TPGS-
973  chitosome, (C) chitosan-coated liposomes (scale bar = 200 nm). (D) Muco-adhesiveness of TPGS-
974  coated liposomes, TPGS-chitosome, and chitosan-coated liposomes (mean = SD, n = 3), *p < 0.05.
975 (E) Cellular accumulation of CoQ10 from different liposomal formulations compared to untreated
976  CoQ10 control (mean + SD, n = 5), *p < 0.05. Reproduced with permission from Shao et al.'"'
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