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A liposome is one of the most commonly used encapsulation technology with proven
benefits, including high biocompatibility and improved solubility, but efficacy may be
compromised when used for oral delivery, including application in food. The latter is an
unfortunate but manageable setback compared to its promising compatibility with various
nutraceuticals regardless of their solubility, which would be greatly useful in functional
food production. Oral delivery presents several challenges, specifically the harsh
environment in the gastrointestinal tract with enzymatic activities and pH changes and
limited permeability of compounds across intestinal epithelia. To overcome these
challenges, various efforts have been made to modify and strengthen liposomes as oral

carriers. In this review, a brief introduction to liposomes and the challenges faced in the
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gastrointestinal tract is provided. A review of the existing modification efforts done to
liposomes was to increase their stability and permeability for oral delivery.

1. Introduction

Liposome, one of the most used encapsulation
technologies, is a spherical vesicle composed of a
phospholipid bilayer with a hydrophilic core, making it
suitable for the encapsulation of hydrophobic and
hydrophilic substances (McClements, 2018). It is an
encapsulation vehicle known for its functional
properties, including optimum kinetic stability, efficient
encapsulation capacity, and improved solubilities of
encapsulated targets (Taylor et al., 2005). Its membrane-
like structure is beneficial to target membranes with a
specific composition (Taylor et al., 2005). Liposomes
have been applied in various fields, including medical,
cosmetic, pharmaceutical, agricultural, and most
recently, food industries. Currently, the application of
liposomes in food is mostly intended to increase shelf-
life or maintain organoleptic properties (Pinilla et al.,
2019; Esmaeili et al., 2020). Chen et al. (2012) reported
high encapsulation efficiency of curcumin encapsulated
in liposomes, ranging from 70.4% to 92.6%. The
encapsulation of various vitamins in liposomes showed
excellent efficiency of 48.2% to 99% (Liu and Park,
2009; Zhou et al., 2014; Gopi and Balakrishnan, 2020).
These study results affirmed the potential of liposomes
as a promising encapsulation system, especially for
compounds that are sensitive and largely affected by
their environment, such as nutraceuticals. Liposomes are
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expected to protect nutraceuticals' physical and chemical
stability, minimise loss of biological functionalities, and
improve bioavailability and shelf life (Mozafari et al.,
2008; Khorasani et al., 2018).

For substance delivery in biological systems,
liposomes are wusually administered intravenously.
Intravenous injections have several drawbacks, such as
pain and stress for patients with repeated injection
schedules, leading to overall low patient compliance.
Moreover, this delivery method could lead to substance
accumulation in the reticuloendothelial system, i.e., lung,
liver, spleen. On the other hand, oral delivery becomes a
preferable alternative method as it has several
advantages, it minimises risks of infection from repeated
injections, promotes mucosal and systemic immunity, is
patient-friendly and easy for self-application, and is more
cost-effective as it does not require professional handling
(Bernkop-Schniirch, 2013; Hirlekar, 2017; Merlin ef al.,
2017). A liposome is particularly favoured for oral
delivery as it is made of entirely natural ingredients,
making it highly biocompatible and less likely to trigger
adverse effects in the body (Patil and Jadhav, 2014;
Shukla et al., 2017). These properties also make it more
feasible as an encapsulating agent to incorporate nutrient
or non-nutrient compounds with health-promoting
properties in food. This could become a potential answer
to the increasingly growing demand for functional food
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that provides health benefits without changing current
dietary habits.

Nevertheless, oral delivery face problems related to
the harsh gastrointestinal environment and poor
permeability, limiting bioavailability and eventually
reducing bioactivity (Bernkop-Schniirch, 2013; Fonte et
al., 2013; Hirlekar, 2017). This proves to be a concern
since liposome, particularly conventional or unmodified
liposome, is sensitive to endogenous chemicals in the
gastrointestinal environment and has a low penetration
rate across intestinal epithelial cells (Liu et al., 2019;
Manconi et al., 2020). Conventional liposomes were
reported to rapidly degrade in the simulated gastric fluid
within the first two hrs (Zhang et al., 2014). It is also
sensitive to changes in pH and temperature, making it
disadvantageous for long-term storage, as shown by
eventual aggregation, fusion, and degradation over time
(Shukla et al., 2017). The previous researcher observed
increased fluidity of liposomes which led to changes of
liposome structure arrangement within less than ten days
of storage, further confirming the unstable nature of
conventional liposomes (Briuglia et al., 2015). These
drawbacks pose various challenges in using liposomes
for oral delivery thus, many liposome modifications have
been proposed over the years.

By modifying liposome composition and adding
polymer coatings, the stability of liposomes against
environmental stresses and the permeability of liposomes
for intestinal epithelial cells have been tremendously
improved. These improvements also include adding
components that increase the rigidity of the lipid bilayer
or serve as ligands for absorption. Another expert
reported significantly improved payload retention in
biotin-modified liposomes than conventional liposomes
(p<0.05, 78% vs 45%) (Zhang et al., 2014). This review
discussed the challenges of oral delivery and
modifications that can be done to optimise liposomes as
an oral delivery system.

2. Methods

ScienceDirect and Scopus were used as the source
for the searches using several combinations of the
following keywords to refine the search: "liposome",
“oral delivery”, “digestion”, “absorption”,
“nutraceutical”, and “food”. Journal articles used were
limited to the past ten years, with articles published in
the last five years as a priority and some exclusions were
made for primary source journals. Afterwards, different
words were independently added to further refine the
search according to the information needed.
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3. Liposome
3.1 Definition and classification

A liposome is a closed lipid bilayer vesicle with an
aqueous core, closely resembling a cell membrane. It is
considered the best organic nanoparticle and is often
used as a vehicle for orally delivered substances.
Liposomes can carry hydrophilic substances in their
core, while hydrophobic substances bind to the lipid
bilayer (Figure 1) (McClements, 2018). Generally, the
liposome can be classified according to the number of
bilayers and size (Figure 2): multilamellar vesicles
(MLV), large unilamellar vesicles (LUV), giant
unilamellar vesicles (GUV), and small unilamellar
vesicles (SUV) (Akbarzadeh et al., 2013). Multilamellar
liposomes have an onion-like structure where the
aqueous core is enclosed by multiple concentric
phospholipid bilayers, usually over 500 nm. As the name
suggests, Unilamellar liposomes only have a single
phospholipid bilayer surrounding the core (Akbarzadeh
et al., 2013). The size of GUV is about 1000 nm or more,
while LUV may be slightly over 100 nm. SUV typically
ranges from 20 — 100 nm (Laouini et al., 2012).

. Hydrophilic substances

% Hydrophobic substances

Figure 1. Illustration of liposome structure and substance
loading patterns.
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Figure 2. Liposome classification based on the size.

3.2 Liposome preparation

There are several methods to generate liposomes.
The first method is dissolving lipids in an organic
solvent followed by adding bioactive substances and
finally eliminating the solvent by evaporation. A
different approach uses micelle made from a mixture of
lipid and detergent. The detergent will be eventually
removed using dialysis below its critical micellar
concentration. The most well-known method is lipid film
hydration, where phospholipid solution in chloroform is
vacuum-dried to generate a lipid film. The lipid film is
then hydrated using a suitable solution depending on its
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target encapsulated substance (Colletier et al., 2002).
Additional steps can also be done to increase
efficiencies, such as freeze-thaw cycles or extrusion.
Reversed-phase evaporation is another method of
liposome formation, specifically producing smaller-sized
liposomes of 20-100 nm (Patil and Jadhav, 2014). In this
method, the water-in-oil emulsion is formed through
vigorous water mixing added to a phospholipid solution
dissolved in an organic solvent. The solvent will be
removed to obtain an aqueous liposome suspension.

3.3 Liposome for nutraceutical delivery

Liposome has shown many favourable features,
including simple preparation, flexible composition, low
toxicity, and good biocompatibility (Ismail and Csoka,
2017). As mentioned, liposome has a unique structure
that allows them to carry hydrophilic and hydrophobic
substances. This advantage also makes it possible for
liposomes to encapsulate more than one bioactive
substance, thus generating a synergistic effect
(Khorasani ef al., 2018; Huang et al., 2019). A previous
study about liposome co-encapsulation of nutraceuticals
with contrasting polarities, specifically curcumin and
resveratrol, reported that curcumin was predominantly
located in the hydrophobic acyl-chain regions while
resveratrol bonded with the polar head groups (Huang et
al., 2019). Several flavonoids were found to localise and
form strong bonds with a lipid membrane, resulting in
more rigid and stable liposomes (Huang et al., 2017). In
addition, co-encapsulation produced liposome systems
with higher stability during storage, heating, simulated
digestion, and stronger biological activities than
individually encapsulated substances (Huang et al.,
2019; Liu et al., 2020).

Liposome has been used to encapsulate various
substances with relatively good efficiency. Liposomes
loaded with griseofulvin, a hydrophobic drug, achieved
the highest encapsulation efficiency of 97.9% (Ong et
al., 2016). Similarly, the efficiency of encapsulated
vitamin D3 in liposomes was 93% (Mohammadi et al.,
2014). Another study reported using liposomes to
encapsulate bioactive salmon protein hydrolysates with
an encapsulation efficiency of 71.3% (Li, Paulson and
Gill, 2015). Other studies that used liposomes for oral
delivery mentioned efficiency in the range of 45.0% to
94.7% (Park et al., 2011; Ohnishi et al., 2015).

Furthermore, liposome has shown favourable results
in terms of cell uptake compared to free substances for
oral delivery. The liposome bilayer structure gradually
diffuses with the intestinal cell membrane, thus
improving substance absorption and delivery to target
cells (Wang et al, 2021). Wang et al. described
increased oral bioavailability of liquiritin by 8.8 times in
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liposome-encapsulated liquiritin compared with free
liquiritin suspension (Wang et al., 2021). Similarly,
Hanato et al. found that blood serum incretin levels were
3.6 times higher in mice given liposome formulations
than free incretin (Hanato et al., 2009).

4. Challenges in oral delivery

Oral delivery is generally preferred because of its
ease, low cost, and flexible intake schedule. However,
liposomes consumed orally will be exposed to the
complex and harsh environment of the gastrointestinal
tract before meeting their target cell or membrane. The
challenges include the digestion process to absorb
bioactive substances with potential effects on stability,
bioavailability, solubility, and, consequently, the efficacy
of encapsulated nutraceuticals.

4.1 Digestion

Two main processes occur during digestion: physical
degeneration, where large molecules become small
through mechanical means, and enzymatic degradation,
where enzymes break down large molecules into small
molecules that intestinal walls can absorb (Gropper et
al., 2009; Lucas-Gonzalez et al., 2018). These processes
directly = determine  the  bio-accessibility  and
bioavailability of orally delivered substances and put
them at risk of damage and leakage (Gropper et al.,
2009; Lucas-Gonzalez et al., 2018). Digestion could be
divided according to where it occurred, namely oral,
gastric, and intestinal digestion (Guo ef al., 2017; Liu et
al., 2019). Oral digestion includes chewing, mastication,
and enzymatic digestion by amylase and lingual lipase.
Chewing and mastication break down food into small
pieces and mix them with saliva to form a bolus. The
strength and duration of chewing, pH of saliva, and the
enzyme content of saliva affect bolus formation, which
will later be sent to the stomach (Liu et al., 2019). In the
case of liposomes, they can be consumed as supplements
or part of food and swallowed with or without chewing.
Considering food may only spend approximately 20
seconds in the mouth, the integrity of liposomes may not
be affected much by oral digestion.

Gastric digestion can cause more damage to
liposomes as it involves mechanical mixing and
chemical hydrolysis in an acidic environment. Gastric
juice contains hydrochloric acid, mucous, and digestive
enzymes, namely pepsin and lipase. Gastric pH is around
pH 5 - 6 when bolus enters the stomach before gradually
declining to pH 1 - 2 over the next hour. The low pH is
necessary to activate enzymes and is essential against
ingested microorganisms. The conventional liposomes
with specific phospholipid compositions may become
unstable and eventually dissolve under low pH (Zhang et
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al., 2014; Wu et al., 2015). In addition, despite that only
about 30% of lipolysis occurs in the stomach, it is still
likely for liposomes to be compromised by gastric lipase
activities (Li et al., 2011).

In the intestines, digestion occurs with the help of
bile salt and various enzymes released by the pancreas.
Bile salt adsorbs to the oil droplet surface to promote
lipid emulsification and hydrolysis. It can destroy the
liposome structure by penetrating the phospholipid
bilayer, thus increasing membrane fluidity and
susceptibility to lipase activity (Liu et al., 2019).
Pancreatic juice contains lipase, phospholipase, and
cholesterol esterase. These enzymes may hydrolyse
phospholipids and thus disrupt liposome integrity and
dismantle their structure (Liu et al., 2012). Studies in
simulated intestinal digestion revealed that liposomes
showed damaged membranes and irregular forms after
two hrs (Liu ef al., 2015). Co-encapsulation of vitamin C
and b-carotene showed expanded and fragmented
liposomes during simulated intestinal digestion, leading
to a gradual release of active substances until over 70%
(Liu et al, 2020).

4.2 Absorption

The next challenge in the oral delivery of liposomes
is ensuring that the intestinal cell walls can absorb them.
The compact epithelial cell layer of the gastrointestinal
tract is bound by tight junctions that allow only small
molecules to pass and exclude exogenous particles,
making it less likely for giant liposomes to be absorbed
(Nguyen et al., 2016). Moreover, the epithelia secrete
mucus that forms a protective coating over the intestinal
walls. This mucous layer is constantly shed and
rejuvenated, entrapping liposomes in the membrane layer
if it cannot penetrate the mucous layer quickly enough
(Ensign et al., 2012).

There are several proposed mechanisms for the
absorption of liposomes through the intestinal cells.
Liposomes may release the active substance in the
gastrointestinal tract or transform it into mixed micelles
that transfer ingredients across intestinal epithelia (Wu et
al., 2015). A possible alternative route is the absorption
of liposomes as a whole vesicle through the M cells on
the epithelial surface of the intestines (Niu ef al., 2012).
M cells are specialised epithelial cells in the FAE of
Peyer's patches and can transport particles from the
intestinal lumen to lymphoid tissues (Kou et al., 2013).
Phospholipids of liposome stimulate chylomicron
production by a-glycerol-3 phosphate pathway on the
rough endoplasmic reticulum or 2-monoglyceride
pathway in the smooth endoplasmic reticulum (Kalepu et
al., 2013; Ahn and Park, 2016). Liposomes are
transported in the form of chylomicron and are released
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from the enterocyte to enter the lymphatic vessels (Ahn
and Park, 2016). By entering the lymphatic vessel,
encapsulated substances bypass the first-pass metabolism
of the liver, thus maintaining bioavailability (Kim et al.,
2013). This mechanism was also found in a previous
study of vitamin C in liposomes where its bioavailability
increased by 1.77 times compared to free vitamin C
(Gopi and Balakrishnan, 2020).

Studies have reported that the uptake of liposomes
by enterocytes was size-dependent. The bioavailability
of small liposomes was 2.6 to 3.33 times higher than
larger liposomes, attributed to the smaller size being
more readily taken up by Peyer's Patches (Ong et al.,
2016). Likewise, Andar et al. reported that small
liposomes (40.6 nm) had significantly higher cellar
uptake than larger liposomes (97.8 — 162.1 nm), nearly
12 times higher (Andar et al., 2014). Their study further
revealed that liposomes were absorbed through different
mechanisms according to their size. The smaller
liposomes mainly were taken up through the dynamin-
dependent pathway, a receptor-mediated pathway where
endocytosis occurs with enzyme dynamin pinching
vesicles from the plasma membrane (Hillaireau and
Couvreur, 2009; Kou et al., 2013). Liposomes of about
72.3 nm or smaller were suggested to be the ideal size
for cell uptake. Its absorption was shown to be affected
by endocytosis inhibitors in all pathways, implying that
it could be absorbed through various routes (Andar ef al.,
2014).

Overall, it appears that composition and size greatly
determine the absorption pathway of the liposome
(Nguyen et al., 2016). Chemical composition also affects
liposome stability in the gastrointestinal tract. Therefore,
adjusting and modifying liposome composition and
formulation may bring enhancements to the digestion
behaviours of the liposome.

5. Modifications of liposome for oral delivery

Liposome has flexible physicochemical properties,
which allows modifications to improve their structure
and stability. Over the years, various changes have been
made, including adjustments to liposome composition,
surface coating, incorporation of absorption enhancers,
improvement of muco-adhesiveness, and ligand-
mediated targeting to intestinal epithelia (Figure 3) (Wu
et al., 2015; He et al., 2019). These modifications have
been shown to increase liposome stability against
oxidation and deamination, provide protection from
enzymatic degradation, and enhance the absorption of
substrates. Many studies have been done in improving
liposome stability for oral delivery with lots of promising
results (Table 1).
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Table 1. Various modifications of liposomes with improved properties

Modification

Encapsulated

Modification Material Key findings
Type compounds
Liposome Rapegeed ph.ospholipid Lactoferrin (LF) Incréased.resistance against ga§tric (7?.9% LF retained)
composition combined with hydrogenated and intestinal (32.19% LF retained) digestion (Vergara

PC et al., 2020)

SPC + DPPG combined with Recombinant Significant protection of thINS in gastric digestion

either cholesterol, B- human insulin (74.8%) by ergosterol liposomes (Cui et al., 2015)

Sitosterol, ergosterol, (rhINS)

lanosterol, stigmasterol

Whey protein isolate Quercetin Stable and unchanged particle size and seta potential

Surface o N S
coating during incubation in simulated gastric digestion (Frenzel
etal., 2015)
Chitosan Curcumin Enhanced protection of curcumin in the digestion
phases of stomach (~75% retained) and intestines
(~55% retained raw digesta); Improved bioavailability
(~75% retained in micelles )(Cuomo et al., 2018)
Pectin Bufalin Improved mucin adsorption up to 4 times higher than
uncoated liposomes (Ying Li et al., 2014).

Polyethylene glycol Fluorescein Higher intracellular uptake in Caco-2 cells by PEG-
isothiocyanate liposomes than unmodified liposomes; Increased blood
dextran (FD4) concentration of FD4 in rats given PEG-liposomes

(Yamazoe et al., 2021)
Absorption Sodium deoxycholate Cyclosporine A Enhanced bioavailability of CyA (120.3%) (Guan et al.,
enhancer (CyA) 2011)
Ligand Folic acid Insulin Improved intestinal cells uptake by 1.2 to 1.5 times
mediator compared to unmodified liposomes (Yazdi et al., 2020)
Biotin Insulin Increased protection in gastric (78% retained) and

intestinal (85% retained) digestion; Increased
permeability of insulin by 1.85 times (Zhang ef al.,
2014)

(b)

(d)

Figure 3. Types of liposome modifications, (a) conventional
(unmodified) liposome; (b) surface coating; (c¢) modification
of liposomal composition; (d) modifications with ligands

5.1 Liposomal composition

Modifications to liposomal composition mostly led
to decreased membrane fluidity, resulting in liposomes
with rigid membranes and better stability. Liposome
composition can be optimised with the use of certain
types or combinations of phospholipids or the addition of
cholesterol.

5.1.1 The use of specific phospholipids

The major phospholipids found in liposomes are
glycerophospholipids, such as phosphatidylcholine and
phosphatidylethanolamine. An essential quality of
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phospholipids that influences liposome stability is phase
transition temperature (T,,), i.e., the temperature where
phospholipids switch from a solid gel to a liquid
crystalline state. At these temperatures, liposome
becomes more prone to leakage and release of
encapsulated materials. The use of phospholipids with
high T,, generated liposomes with rigid membranes and
good resistance to harsh gastrointestinal conditions (da
Silva Malheiros et al., 2010). Higher T, can also be
achieved using a combination of phospholipids. For

example, liposomes from  pure  dipalmitoyl
phosphatidylcholine (DPPC) have a T, of 41°C,
combining it with distearoyl phosphatidylcholine

(DSPC) can increase it to 45°C (Li et al., 2015).
Furthermore, bile salt disrupted liposomes made from
phospholipids with T, lower than 37°C, while those with
higher T,, were less affected (He et al., 2019). The
substitution of common lipids with hydrogenated
phospholipids, which have high T, increased liposome
rigidity (Abraham er al., 2005). In another study,
liposomes made of hydrogenated phospholipids
maintained nearly 80% of encapsulated lactoferrin after
120 mins of artificial gastric digestion. The exact
formulation did not show a significant release of free
fatty acids during simulated intestinal digestion,
implying that the liposome could remain intact (Vergara
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etal., 2020).

5.1.2 The use of cholesterol

Cholesterol is another element that can be added to
increase liposome stability. When used as a liposome
component, the hydroxyl group of cholesterol binds to
the lipid-water interface with the whole molecule
perpendicular to the membrane surface or aligned with
the phospholipids (Liu ef al., 2019). This interaction

impacted the physical properties of liposomes,
specifically: increased bilayer thickness, decreased
permeability, increased resistance for aggregation,

increased the packing of phospholipid molecules and
reduced bilayer mobility (Liu et al., 2019). Briuglia ef al.
reported that the combination of lipids and cholesterol at
the ratio of 2:1 (70% lipids:30% cholesterol) is an ideal
formulation to obtain stable liposomes with well-
organised structures (Briuglia et al., 2015). Liu et al.
reported that liposome formulations that incorporated
cholesterol generated less free fatty acids under
simulated intestinal digestion than those that did not
(42% vs. 62%) (Liu et al, 2017). Cholesterol could
easily integrate into lipid bilayers with its easy-to-fit
structure, leading to increased cohesion of lipids,
reduced membrane fluidity, and consequently, enhanced
stability during digestion (Liu et al., 2017). Another
study affirmed that the addition of cholesterol in
liposomes effectively protected liposomes from pepsin
activity (Hwang et al., 2010).

Structurally similar sterols may also be used as
alternatives to cholesterol for liposome modifications.
Ergosterol, a microorganism-derived sterol, served as a
membrane stabiliser in liposome formation, producing an
almost spherical vesicle with physical characteristics
closely similar to the cholesterol-added liposome (Cui et
al., 2015). The double bonds in ergosterol made
liposomes more rigid with larger cross-sectional areas in
bilayers (Tai et al., 2018). Liposomes made of a mix of
lipids and ergosterol exhibited great protection capacity
for encapsulated substances, retaining more than
74.849.6% of insulin after an hour of artificial stomach
digestion (Cui et al., 2015). Interestingly, ergosterol-
modified liposome managed to preserve higher insulin
concentration than cholesterol-modified liposome after
four hrs of simulated digestion (56.3£1.8% vs
14.8+3.6%) (Cui et al, 2015). Furthermore,
incorporating ergosterol to liposomes was found to
enhance insulin transport across Caco-2 monolayer,
displaying better permeability than free insulin solution
due to its high affinity with the cell membrane (Cui et
al., 2015).

https://doi.org/10.26656/{r.2017.7(3).022

Latrobdiba et al. / Food Research 7 (3) (2023) 233 - 246

5.2 Surface coating

Liposome surfaces can be coated to protect against
digestive enzymes or improve permeability for intestinal
cells. There are four mechanisms of liposome surface
coating: Insertion, where coating materials insert their
hydrophobic chains into the hydrophobic chains of the
phospholipids; Scaffold, where electrostatic or hydrogen
bonds are formed between the coating material and the
liposome surface; Intercalation, where small particles
half-embed on the surface of liposome; and Phospholipid
modification, where the head group of phospholipids is
modified to form functionalised lipids (Sriraman et al.,
2016; Wibroe et al., 2016). Coating materials that have
been used for liposomes include polysaccharides, whey
protein, alginate, chitosan, dextran sulfate, and silica
nanoparticles.

5.2.1 Whey protein

Whey protein is a particularly attractive material for
liposome coating because it is resistant to gastric
digestion due to its lower sensitivity to pH and resilience
to pepsin (Frenzel and Steffen-Heins, 2014). It also
exhibits functional activities that are beneficial for
health, including antibacterial and hypoglycemic
activities (Al-Baarri et al., 2010; Jacubowicz and Froy,
2013). A major fraction (60%) of whey protein is B-
lactoglobulin which contains a rigid beta-sheet structure,
resulting in low molecule flexibility that hinders pepsin
from associating with the substance (Teng et al., 2015).
In addition, B-lactoglobulin mostly consists of polar and
charged amino acids, whereas the site of action for
pepsin is the peptide bonds at the non-polar areas (Teng
et al, 2015). Frenzel and Steffen-Heins (2014)
investigated the use of whey protein isolate for liposome
coating and found favourable results. They postulated
that whey protein isolates partially insert into the
glycerol/phosphate residue region up to the hydrocarbon
region of the liposome. As a result, the liposome
membrane became more rigid and physically stable. This
was affirmed in later experiments in simulated gastric
digestion, where uncoated liposomes showed enlarged
particle sizes within 30 mins while whey protein-coated
liposomes remained unchanged for 120 mins (Frenzel
and Steffen-Heins, 2014).

In another study, Gomaa et al. used differently
charged liposomes and tried coating them with whey
protein and/or pectin, discovering various mechanisms of
liposome coating depending on its charge. Anionic
liposomes coated with negatively charged pectin formed
interactions between amide groups of pectin and
liposomes, while electrostatic and ionic interactions
occurred between cationic liposomes with negatively
charged pectin and whey protein (Gomaa et al., 2017).
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These firm associations resulted in a liposome system
that was resistant to gastrointestinal digestion. Single
coated liposomes, either by whey protein or pectin,
maintained a  significantly higher amount of
antimicrobial peptide than uncoated liposomes during
simulated digestion. The best protection effect was
observed in liposomes with dual coating with whey
protein as the first layer and pectin as the outer layer,
preserving the most amount of encapsulated peptide after
30 mins to the end of digestion (2 hrs in gastric digestion
and 4 hrs in intestinal digestion) in comparison to
uncoated liposomes (Gomaa et al., 2017).

5.2.2 Chitosan

A commonly used material for liposome coating is
chitosan, due to its biocompatibility and mucoadhesive
properties. Chitosan inhibits lipid digestion by
electrostatic repulsion with lipase and bile salts (Li et al.,
2016). Moreover, chitosan can form thick protective
layers with a highly strong positive charge (~20 mV) that
prevents the destabilisation of the colloidal system and
slow down the rate and extent of lipid digestion (Jo et
al., 2019). Li et al. found that chitosan-coated liposomes
were more stable in both simulated gastric and intestinal
digestion than uncoated liposomes (Li et al., 2015). They
also reported a lower release of salmon protein
hydrolysates in simulated intestinal fluids than uncoated
liposomes, confirming its improved stability (Li et al.,
2015). Chitosan improves the mucoadhesive properties
of liposomes by performing chemical coupling of
physical coating (Huang et al., 2011; Gradauer et al.,
2013; Cuomo et al., 2018). Coating with chitosan was
shown to promote the absorption of encapsulated
substances and liposomes through interference on the
tight junctions of epithelia (Huang et al., 2011; Chen et
al., 2012).

The positively charged surfaces of chitosan favour
adhesion to typically negatively charged cell membranes,
leading to a longer retention time in the gastrointestinal
tract and promoting penetration into the mucus layer
(Mady and Darwish, 2010). Huang et al. confirmed that
liposomes modified with N-trimethyl chitosan had high
affinities to mucin particles. This modification can cover
their surfaces in acidic and neutral environments, with N
-trimethyl  chitosan-modified liposomes showing
prolonged retention time and penetrative behaviours
across intestinal segments that were stronger than
uncoated liposomes even after 4 hrs (Huang et al., 2011).
Oral administration of curcumin-loaded chitosan-
modified liposomes to rats also showed supporting
results. Higher plasma concentration of curcumin was
observed for rats given chitosan-coated liposomes (46.13
png/L) than uncoated liposomes (32.12 pg/L) (Chen et
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al., 2012).

5.2.3 Pectin

Pectin is an example of a popular choice of
mucoadhesive polysaccharides for nanovesicle coating.
The effect of pectin on the stability of liposomes is
influenced by the type of pectin used. High methoxylated
pectin for liposome coating was shown to have the best
physical properties compared to other types of pectin
(Klemetsrud et al., 2013). Pectin-coated nanoliposomes
were reported to have an initial high release rate before
transcending into a more steady, sustained release rate,
suggesting that it would have extended time in the
gastrointestinal tract, increasing its absorption (Lopes et
al., 2017). This was confirmed by Li et al. that found
that bufalin release in pectin-coated liposomes started at
6 hrs and reached a cumulative release of 50% in the first
12 hrs, which is more sustainable than uncoated
liposomes that started drug release at 2 hrs and reached
90% in 12 hrs (Li ef al., 2014). They also reported that
the adsorption of mucin on pectin-coated liposomes was
four times higher than uncoated liposomes, implying
enhanced mucoadhesive properties and prolonged
retention time. Pectin-coated liposomes also showed a
more efficient uptake of liposomes through endocytosis,
as the inhibitory effects of bufalin were enhanced with
pectin-coated liposomes than free bufalin or uncoated
liposomes (Li et al., 2014).

5.2.4 Polyethylene glycol

Liposome, coated with polyethylene glycols, was
reported to increase liposome's resilience to bile salts as
well as its protective capacity for encapsulated
ingredients (Li et al., 2003). It is known that
polyethylene glycol chains penetrate deeply into the
intestinal mucous layer, thus prolonging the residence
time of liposome in the gastrointestinal tract. As a result,
liposome uptake by M cells is enhanced, and bioactive
substances can be absorbed (D’souza and Shegokar,
2016). Yamazoe et al. (2021) have confirmed that
liposomes, modified with 10% polyethylene glycol, had
the highest intracellular uptake in Caco-2 cell cultures
and the highest blood concentrations of encapsulated
substances in rat models. Similarly, during 24 hrs of
gastric and intestinal digestion simulation, Yazdi found
that polyethylene glycol-modified liposome was
releasing insulin differently (p < 0.001) (Yazdi et al.,
2020). During the first hour, insulin release was 25% and
48% for modified liposomes in gastric and intestinal
digestion. While the non-modified liposome recorded
was 39% and 64%, with a drastic increase in the
following hrs (Yazdi et al., 2020). These results affirmed
that modifications are necessary to preserve encapsulated
materials during digestion and to achieve high
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concentration for absorption.
5.3 Other modifications

Other modifications mainly include the addition of
various materials that either improve liposome properties
or permeability for intestinal absorption. Intestinal
absorption can be improved by increasing liposome
affinity to the intestinal epithelial cells, increasing
retention time, and achieving specific targeting. These
can be achieved using materials such as absorption
enhancers and ligand mediators.

5.3.1 Absorption enhancers

Absorption enhancers that can be added are
surfactants such as Tween-80 and bile salt. Sodium
cholate, sodium taurocholate, sodium deoxycholate, and
sodium glycocholate are among the commonly used bile
salts for liposome modifications. The addition of bile salt
in the lipid bilayers was reported to stabilise liposomes.
Bile salt improved membrane rigidity which made it
more stable against the gastrointestinal tract (Hu et al.,
2013). Sodium glycocholate was shown to inhibit the
activity of pepsin or pancreatin (Niu et al., 2011).
Bilosomes, or bile salt-modified liposomes, have been
reported to have increased bioavailability from facilitated
absorption (Guan et al., 2011). Liposomes modified with
sodium glycocholate retained 74% of insulin after 4 hrs
of simulated gastric digestion, indicating decent
protective capability in the early steps of digestion (Cui
et al., 2015). Another study used spermine as the
absorption enhancer and reported the highest
bioavailability of substances encapsulated in liposome
(Yamazoe et al., 2021). Spermine functions as an
activator of extracellular calcium-sensing receptors and
triggers the opening of tight junctions in the epithelial
cell layer, thus enhancing the absorption of substances.
Spermine also showed partial protection of substances
against enzymatic degradation, particularly elcatonin
from trypsin degradation (Yamazoe et al., 2021).

5.3.2 Ligand mediators

Another modification that can be done is the addition
of ligands with specific targets on intestinal epithelial
cells. Ligand-mediated liposomes were proven to
enhance the absorption and uptake of liposomes or their
substrate into intestinal epithelial cells. Lectin, for
example, has specific recognition and binding to glycans,
which are found attached to intestinal cell membranes.
Due to that, lectin has been viewed as a promising
material for oral delivery systems (Zhang et al., 2005).

Folic acid can also be used as a target mediator as it
has receptors on the intestinal tract cells, and its
conjugates can be endocytosed through those receptors
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(Agrawal et al., 2014). Other vitamins like vitamin By,
biotin, thiamine, and niacin may also be used as ligands
for active targeting of intestinal epithelial (Zhang et al.,
2014; He et al., 2018). The addition of folic acid at 1%
and 2% to liposome showed significantly improved
intestinal cells uptake (p <0.01), multiplying by 1.2 to
1.5 times compared to unmodified liposomes (Yazdi et
al., 2020). The increased absorption led to higher blood
concentrations of substrate, as observed at 3-hour post-
gavage. Furthermore, using insulin as the substrate, the
study also reported that folic acid-modified liposome
exhibited blood glucose-lowering effects after 4 hrs,
while insulin injections began after 2 hrs (Yazdi et al.,
2020). He et al. investigated the use of thiamine and
niacin decorated liposomes to encapsulate insulin and
found protective effects against degradation in simulated
gastric and intestinal fluids (He et al., 2018).
Approximately only 40% and 20% of insulin were
degraded in artificial gastric and intestinal digestion,
respectively (He et al., 2018). The niacin-decorated
liposome had better hypoglycemic effects than the
thiamine-added liposome, owing to stronger bioactivity
for endocytosis of niacin receptors (GPR 109a) than
thiamine receptors (Th Tr-1 and Th Tr-2) in intestinal
epithelial cells (He ef al., 2018).

Likewise, liposomes modified with biotins as the
target ligand were significantly better at protecting
encapsulated insulin than conventional liposomes,
exhibiting a slow degradation rate during simulated
digestions. In the study, free insulin was completely
degraded within 5 mins of digestion, while biotinylated
liposome could retain significantly (p < 0.05) higher
concentrations of insulin in simulated digestion than
conventional liposome (Zhang et al., 2014). About 78%
and 85% of insulin could be preserved by biotinylated
liposomes in simulated gastric and intestinal digestion,
respectively, whereas conventional liposomes could only
maintain 45% and 65%, respectively (Zhang et al.,
2014). The permeability of insulin through the Caco-2
cell monolayer was improved by 1.85 times higher for
biotinylated liposomes than conventional liposomes
(Zhang et al., 2014). Biotin receptors are non-specific
and distributed throughout the small intestine, and
further examinations revealed that biotinylated
liposomes were absorbed through active uptake.
Biotinylated liposomes travelled from the stomach to the
duodenum in the first 30 mins after oral administration,
then spread through the small intestine at 1 hour before
being detected weakly after 4 hrs, implying that
liposomes were almost identical entirely absorbed
(Zhang et al., 2014). This was also confirmed through
fluorescent imaging of transepithelial absorption, where
intense immunofluorescence could be detected in all
intestinal segments examined for biotinylated liposomes.
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These results show the importance of ligand-targeted
mechanisms for improving liposomes' absorption rate
and payload.

6. Conclusion and future prospect

The rising interest in functional food boosted the
development of encapsulation technologies as carriers
for nutraceuticals that are generally unstable and
sensitive to environmental factors. The liposome is one
of the most promising encapsulation technologies that
can be applied for the protection of nutraceuticals, but
challenges still exist in the implementation of liposomes
for oral delivery. Liposome fragility in the
gastrointestinal environment and low permeability across
intestinal epithelia remain major obstacles that need to be
overcome to be able to achieve decent bioavailability
that can support the efficacy of ingested nutraceuticals.
Various modification efforts have been made by altering
the liposomal composition, adding surface coating, and
incorporating other compounds with mucoadhesive
properties. Despite the positive results, most of these
liposome modification studies were done with in vitro

models that may not completely represent the complexity
of in vivo settings. Therefore, it is necessary to further
confirm the effects of these modifications on liposome
stability with various in vivo experiments and clinical
trials.

Furthermore, studies regarding improved liposome
absorption from modifications have shown that there are
various options for absorption pathways, but not many
have discussed the types of substances that may be
supported by these pathways. Granted, no delivery
system can be universally used as each bioactive
substance come with unique properties, but there is a
need for more works that compare the effects of each
type of modification on the efficacy and permeability of
orally administered nutraceuticals.

As the general interest leans towards increasing the
health-promoting effects of food, there is potential for
liposomes to be used as a nutraceutical carrier that is
incorporated in food. Current food application of
liposomes showed relatively decent functionality of
bioactive substances in the food matrix to improve
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Figure 4. Future prospects of research about liposome optimisation for oral delivery of nutraceuticals in food
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sensory properties, but there is no guarantee that the
same properties will persist when consumed orally. This
raises concerns about the stability of liposome-
encapsulated nutraceuticals that are digested along with
food, including potential interactions that may occur with
nutrients or other food components and whether further
modifications are required to minimise any adverse
interactions. Accordingly, this will open more works
about liposome modifications that may enhance its
functionality and stability as a valid food additive. The
future prospect is summarised in Figure 4.

In conclusion, there is still much room to explore in
terms of establishing liposome formulations for the oral
delivery of nutraceuticals. Moreover, as the research
about functional compounds continues to grow, more
studies might be needed to compose liposome
formulations that can also cater to the delivery of these
newly discovered substances.
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