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Abstract: In recent years, liposomes have gained increasing attention for their potential applications
as drug delivery systems in the pharmaceutic, cosmetic and food industries. However, they have a
tendency to aggregate and are sensitive to degradation caused by several factors, which may limit
their effectiveness. A promising approach to improve liposomal stability is to modify liposomal
surfaces by forming polymeric layers. Among natural polymers, chitosan has received great interest
due to its biocompatibility and biodegradability. This review discussed the characteristics of this
combined system, called chitosomes, in comparison to those of conventional liposomes. The coating
of liposomes with chitosan or its derivatives improved liposome stability, provided sustained drug
release and increased drug penetration across mucus layers. The mechanisms behind these results
are highlighted in this paper. Alternative assembly of polyelectrolytes using alginate, sodium
hyaluronate, or pectin with chitosan could further improve the liposomal characteristics. Chitosomal
encapsulation could also ensure targeted delivery and boost the antimicrobial efficacy of essential oils
(EOs). Moreover, chitosomes could be an efficient tool to overcome the major drawbacks related to
the chemical properties of EOs (low water solubility, sensitivity to oxygen, light, heat, and humidity)
and their poor bioavailability. Overall, chitosomes could be considered as a promising strategy to
enlarge the use of liposomes.

Keywords: chitosan; coating; essential oils; liposomes; mechanism; polyelectrolyte

1. Introduction

Liposomes are spherical vesicles comprising a central aqueous compartment sur-
rounded by a membrane constituted mainly of phospholipids and cholesterol in some
cases. They are biocompatible, biodegradable, non-immunogenic and non-toxic [1]. In
their original form, liposomes have a tendency to aggregate and fuse, which leads to drug
leakage during storage [2]. This poor stability in an aqueous medium has major conse-
quences on their shelf life [3]. The pH, bile salts and enzymes in the gastrointestinal (GI)
tract can destabilize the liposome membrane [4]. In fact, the acidic pH of the stomach and
the lipases hydrolyze the ester bonds of phospholipids that form liposomes. The bile salts
act as surfactants leading to liposome membrane solubilization [5]. Liposomes are also
prone to rapid elimination from the circulation system after intravenous injection [6]. In
order to overcome these problems, covering the liposome’s surface with polymers has been
developed. The coating of liposomes with polyethylene glycol (PEG) reduced their uptake
by the mononuclear phagocyte system, resulting in a prolonged blood circulation time of
liposomes [7]. The surface modification of liposomes with PEG can be achieved by physi-
cally adsorbing the polymer onto the surface of vesicles, by anchoring the polymer in the
liposomal membrane via a cross-linked lipid, such as distearoylphosphatidylethanolamine
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(DSPE) during liposome preparation, or by covalently attaching reactive groups onto the
surface of preformed liposomes [7]. Stealth liposomes provided delayed and targeted
drug delivery, enhancing the effectiveness of the transported drug and reducing its side
effects [8]. PEGylated liposomes have reached clinical usage, such as DOXIL®, originally
developed by Sequus Pharmaceuticals in 1995, for the intravenous administration of the
anticancer drug doxorubicin for the management of advanced ovarian cancer, multiple
myeloma and Kaposi’s sarcoma [9].

The use of natural polymers received increasing attention, particularly chitosan,
which is isolated from crustacean exoskeletons, squid pen and fungi. Chitosan, a lin-
ear cationic polysaccharide composed of 3-(1,4)-linked-2-amino-2-deoxy-D-glucopyranose
(glucosamine) and 2-acetamido-2-deoxy-D-glucopyranose (N-acetylglucosamine), is ob-
tained by alkaline or enzymatic deacetylation of chitin [10]. The chitin and chitosan
structures are presented in Figure 1.
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Figure 1. Chitosan product from chitin deacetylation.

The degree of deacetylation (DD) is defined as the glucosamine /N-acetylglucosamine
ratio; in other words, DD is the percentage of glucosamine units present in the copolymer
chain. Chitosan is soluble in an acidic aqueous medium. Under acidic pH, the amino
groups in the chitosan chain become protonated, and the polymer dissolves in aqueous
media. Its solubility is related to the DD, molecular weight (MW) and distribution of the
acetyl and amino groups along the chain [11]. For example, the increase in chitosan MW
from 5 to 50 kDa led to a significant decrease in chitosan aqueous solubility from 123.2
to 0.4 mg/mL [12]. Solubility at neutral pH has been claimed for chitosan with a DD of
around 50% [13]. For very high DD (>75%), protonated charge condensation occurs in
the chitosan solution due to large charge density, which leads to electrostatic repulsion
and high solubility [14]. Indeed, the degree of deacetylation showed a great effect on pKa
values, which were increased from 6.17 to 6.51, with the degree of deacetylation decreasing
from 94.6 to 73.3% [11]. The distribution of acetyl groups along the chain may influence the
solubility of the polymer and also the inter-chain interactions due to the hydrogen bonds
and the hydrophobic character of the acetyl group [13].

Chitosan has been considered as a biomaterial for drug delivery systems, as it pos-
sesses low toxicity, high biocompatibility [15], and in vivo biodegradability via lysozymes
and human chitinases [16]. In addition, it exhibits numerous biological activities, including
mucoadhesive [17], antioxidant [18], antimicrobial activity against Gram-positive and
Gram-negative bacteria [19], wound healing capacity [20], and the in vitro and in vivo
ability to complex genetic material [21]. Thus, a great interest has been shown for its
applications in areas such as hematology, immunology, wound healing, drug delivery, food
packaging and cosmetics.

On the other hand, the chitosan structure can be modified through its amino and
hydroxyl groups. The preparation of chitosan derivatives has been carried out to improve
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chitosan properties, including solubility and bring new functional properties and promising
applications. The aim of the chemical modifications of chitosan and the resulted structures
used in the liposome coating are presented in Table 1.

Table 1. Chemical structures of chitosan and its derivatives and role of chitosan modification in liposome coating.

Ch.ltos.a n Chemical Structure Aim .Of C.hlt(.)san Ref
Derivatives Derivatization
Chitosan o \ o e o D - Improve chitosan [22]
CH,OH » 0 00—"' properties
CH,OH
(H20C ”Zg”fo H - Target acidic tumor
0 . .
Glycol chitosan oH microenvironment [23]
o - Improve anticancer
NH, drug efficacy
HO NH; CH,0H o
o [}
H Q H H
CH:OI-? o 0--""
" ° - Provide the
Methylated N-(4-N,N- e hydrophobic moiety to
dimethylaminobenzyl) ydrop y
chitosan o improve the [24,25]
. N hydrophobic interaction
HyC CH;
(TMBz-chitosan) CH; with the cell membrane
The methylation could also occur at the primary
amino group of chitosan
CH,OH
o N - Improve the liposome
N-dodecyl chitosan ¢ NH stab111ty by anc horing [26]
o the liposome bilayer by
(J_](i)m the long alkyl chain
(l' Hj
"H,OH
N-[(2-hydroxy-3- 0 P
trimethylamine) propyl] HO NH O
. . CH3CI
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. - Improve the stability of
CH;CT .
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- Increase chitosan

hydroxy-3-trimethylamine) -5 0 o o solubility
propyllchloride o o d
(N-dodecyl-chitosan- IC\“P; CH;0H
HPTMA) (‘CI:Z)IO
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Table 1. Cont.

Chitosan
Derivatives

Chemical Structure Aim .Of C.hlt(.)san Ref
Derivatization

- Improve chitosan
solubility over a wide

N-trimethyl chitosan pHrange [27,28]
- Improve liposomal
n stability
“H,OH
0~
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octadecyl-quaternized §=° i GHo character and steric [22]
. A . CH—NH—CHy—C—CH,—N*—CH;Cr o
lysine modified chitosan &, ). Sa, stabilizations

CH:
NH,

- Coat positively charged
liposomes with
mucoadhesive
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Lauric chitosan (n=10)

- HOH NH,
0 9 Ho 0
0
HO

o
T\"H CH,OH
~
(CHy)n

- The side groups
introduced into the

[29]

o, polysaccharide chains
provide additional steric
stabilization for
liposomes in solutions

Thioglycolic acid chitosan

(TGA-chitosan)

CH,OH - Improve the

OH mucoadhesive property
—o0 and enhance oral [30]
bioavailability of
HS peptides

Thioglycolic acid

6-mercaptonicotinamide-

conjugate chitosan
(TGA-MNA-chitosan)

- Thioglycolic acid
chitosan was S-protected
via conjugation with
6,6'-dithionicotinamide
g resulting in a derivative [30]
! being less prone to
N= oxidation and exhibiting
N\ / higher mucoadhesive

properties
CONH,

Chitosan has been known to coat the surface of negatively charged liposomes due to
electrostatic interactions between negatively charged phospholipids and positive charges of
primary amino groups of chitosan [31]. Other mechanisms, such as hydrogen bonding be-
tween the polysaccharide and the phospholipid head groups, can also be implicated in the
chitosan coating process [32]. Figure 2 illustrates the combined system named chitosome.

This review is focused on the effect of chitosan coating on liposomal characteristics.
The method used to prepare drug-loaded chitosomes is presented. Conventional liposomes,
chitosan- and modified chitosan-coated liposomes are compared for their characteristics,
including particle size, zeta potential, polydispersity index (pdl), morphology, encapsu-
lation efficiency (EE), stability, drug release, pharmacokinetics and pharmacodynamics.
Literature data concerning the comparison between both systems are resumed into different
tables (Tables 2-12). Mechanisms controlling vesicle stability, drug release and mucoad-
hesivity are also highlighted in this paper. In addition, a section deals with a multilayer



Processes 2021, 9, 445

5 of 47

coating of polyelectrolytes using alginate, sodium hyaluronate or pectin with chitosan on
the liposome surface. The last section is dedicated to chitosomal encapsulation of essential
oils (EOs) and its perspectives for the clinical development of novel therapeutic agents
with increased stability and prolonged release.

Hydrophilic drug
Lipid bilayer:

Figure 2. Schematic representation of drug-loaded chitosomes.

2. Chitosomes Preparation Method

Chitosan-coated liposomes are being prepared by a dropwise addition of a defined
volume of chitosan solution to the same volume of liposome suspension and kept under
stirring for 1 or 2 h. Chitosan should be dissolved either in acetic acid solution adjusted
to pH 4-5, hydrogen chloride (HCl) solution or phosphate-buffered saline (PBS) buffer
(pH 7.4), and incubated overnight at room temperature [33-35].

3. Comparison between Conventional Liposomes and Chitosomes

A comparison between chitosan- or chitosan derivative-coated liposomes and con-
ventional liposomes encapsulating various drugs is detailed below. Tables 2-5 summarize
the characteristics of conventional liposomes and chitosomes loading natural bioactive
molecules (plant extracts, EOs, vitamins), antimicrobials, drugs of different classes (anti-
cancer, anti-inflammatory, anesthetic, anti-histaminic, diuretic and immunosuppressive),
macromolecules (proteins, deoxyribonucleic acid (DNA)) and active peptides, respectively.
Chitosan coating effect is discussed in the following paragraphs regarding the particles
size, zeta potential, pdl, morphology, EE, stability, drug release, pharmacokinetics and
pharmacodynamics behavior of drugs.

3.1. Particles Size

In contrast to a single previous study focusing on the encapsulation of EOs in lipid
vesicles and where liposomes of micrometric size were obtained [36], the coating of lipo-
somes with chitosan produced an increase in liposome size (Tables 2-5). The increase was
probably due to the bridging between chitosan and liposomes [37,38]. Liposome size de-
pends on chitosan concentration. The particle size of polymer-coated liposomes increased
with increasing chitosan concentration from 0.05 to 1.2% (w/v), forming thicker coating
layers with a higher concentration of chitosan [4,5,12,28,35,38-44,46,47]. However, exten-
sive aggregation occurred at low chitosan concentration ranging from 0.025 to 0.2% (w/v)
regarding phospholipid concentration [48,49]. When liposome surfaces are not saturated
with chitosan, liposomes associate with each other due to charge neutralization as surface
charge consists of both partially negative and positive charges. Moreover, when there
is excess chitosan, bridging flocculation caused by the interaction between the extended
chitosan segments on the liposome surfaces will lead to particle-polymer—particle bridges.
Hence, the stability of chitosomes relies on a sufficient chitosan concentration [49].

Additionally, the effect of different chitosan MW (65, 140, 680, 1000 kDa) on the
size of insulin-loaded liposomes was investigated, and no significant differences were
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observed [38]. However, chitosomes prepared with trimethyl chitosan of high MW (HMW
of 450 kDa) exhibited greater mean size than those prepared with low MW (LMW of
100 kDa), which can be explained by the presence of long-chain molecules of trimethyl
chitosan leading to high viscosity and more adsorbed polymer [28].

Moreover, the composition of lipid vesicles, especially the phospholipid type used,
may also affect the chitosome size. Conventional liposomes composed of Epikuron 170 have
a smaller size than those composed of Epikuron 200. Liposomes obtained from Epikuron
170 composed of 70% phosphatidylcholine, 10% phosphatidylethanolamine, 3% phos-
phatidylinositol, 3% phosphatidic acid and 4% lysophosphatidylcholine absorbed more chi-
tosan than those prepared with Epikuron 200 composed of 92% phosphatidylcholine and 3%
lysophosphatidylcholine [40]. In addition, the size of uncharged liposome types tested (egg
phosphatidylcholine (EPC) and distearoylphatidylcholine (DSPC)) is minimally affected
by chitosan compared to negatively charged vesicles (EPC/phosphatidylglycerol (PG) and
DSPC/PG) that become substantially larger as the chitosan/lipid ratio increases [32].

The liposome preparation method could affect chitosome size. Chitosomes loading
curcumin prepared by ethanol injection method (EIM) were slightly larger than those
prepared by thin-film hydration method (TFH) for the entire chitosan concentration range
(0.1 to 0.5%) [43].

3.2. Zeta Potential

Several studies have investigated the effect of chitosan or chitosan derivatives on the
Zeta potential values of the liposomes. The presence of polymer coating on the liposome
surface is confirmed by the inversion of the Zeta potential from negative to positive values
between uncoated and coated systems (Tables 2-5). Since chitosan carried a high positive
charge, the adsorption of chitosan increased the density of positive charge and made the
Zeta potential positive [4,36,42,50].

Moreover, Zeta potential values increased when the chitosan concentration increased
from 0.1 to 0.3% (w/v), then it reached a relatively constant value, indicating the saturated
adsorption of chitosan to liposomes [12,28,35,40,42,47-49,51-53]. It is important to mention
that the modification of the surface of the liposome by another polymer, such as PEG, also
changes the Zeta potential by varying polymer to lipid ratio from 1 to 10%(w/w) depending
on the experimental protocol used based on a supercritical CO; assisted process. In the
first method, the PEG dissolved in water was premixed in an ethanolic lipid solution
(ethanol/water ratio 80/20 (v/v)), and the final solution was fed to supercritical assisted
apparatus, while in the second method, PEG was dissolved in a separate aqueous solution
and the two feeding solutions (aqueous and lipidic) were fed separately to the process. The
authors explained the variations of Zeta potential between the two experimental protocols
by the fact that PEG exhibits a better coverage of the liposome surface using the first
method, which allows the addition of different amounts of PEG, resulting in a variety of
surface charge [8].

It should be noted that the DD plays an important role in the effect of different chitosan
MW on the zeta potential of the liposomes. The DD (85%) of HMW of chitosan (150 kDa)
was slightly higher (80%) than that of LMW of chitosan (22 kDa), the number of protonated
amine groups on HMW chitosan was higher than that on LMW chitosan, resulting in high
positive zeta potential value [54].

3.3. Homogeneity

Although chitosan coating broadened the mean vesicle diameter [49], the pdl values re-
mained below or close to 0.5, indicating an acceptable degree of polydispersity (Tables 2-5).
The pdlI values of chitosomes loading curcumin prepared by EIM were smaller than those
prepared by TFH for the entire chitosan concentration range (0 to 0.5%) [43].
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3.4. Morphology

Transmission electron microscopy was used to visualize conventional liposomes and chi-
tosomes. Both systems were spherical. The existence of chitosan surrounding the liposomes
has been well visualized on chitosomes surface [15,33,37,40,43,44,47,51,52,55,56]. No signifi-
cant morphological differences, except size, between liposomes with or without chitosan
coating were observed [35,44,55]. This was explained by strong adsorption between the
polymer and the liposomal bilayer [35]. However, some aggregations were observed after
coating [44,46,55,57].

3.5. Encapsulation Efficiency

Drug EE is calculated as the ratio of drug content within the liposomes to the total drug
content of the suspension. The comparison of EE values between drug-loaded liposomes
and chitosomes is discussed in this section and presented in Tables 2-5.

Different results were obtained in the literature concerning the chitosan coating effect
on drug EE in liposomes. This discrepancy may be due to drug physicochemical prop-
erties (solubility, partition coefficient, ionization), its location in vesicles and orientation
inside the liposomal membrane, as well as the medium pH. For example, many studies
demonstrated that chitosan coating decreased the EE of drugs, mostly having positive
charges at pH range between 4 and 7.4 compared to uncoated liposomes as presented in
Tables 2-5 [5,34,35,37,38,40,42,48,56-59]. It was explained as a consequence of positively
charged chitosan and positively charged drug competing for the negatively charged phos-
pholipids [34,37,40,48].

However, other studies showed an increase in the EE of other drugs in the presence
of chitosan at a pH range between 4 and 7.4 [4,32,43,44,49,55,60-63]. This may be due to
the surface properties following the addition of chitosan during preparation which created
the ionic interaction between positive chitosan and negative drug in solution producing
high drug loading [4,55,60,61]. In addition, the coating enlarged EE, probably due to
polyphenols interaction with chitosan [62]. Conceivably, the chitosan layer prevented
carotenoid or curcumin leakage from the bilayer core [44,64].

The drug EE in chitosomes may also be affected by chitosan concentration, chitosan
MW and liposomal preparation method. A further increase in chitosan concentration
resulted in a non-significant change in drug EE [37,41]. This may be explained by the fact
that the adsorptive layer has already been formed, and thus chitosan surrounds liposomes
from the outside [37,40,41]. In addition, insulin EE in chitosomes was slightly increased
with an increase in chitosan MW from 65 to 1000 kDa [38]. Curcumin EE in liposomes
prepared by EIM (54.7%) was higher than that obtained in the liposomes prepared by TFH
(42.6%) under the same conditions [43].

3.6. Chitosomes Stability

This section is dedicated to literature data related to the stability of conventional
liposomes and chitosomes (in suspensions or dried forms) over time under various condi-
tions, such as storage temperature, chitosan concentration and medium composition. The
mechanism controlling vesicle stability in the presence of chitosan is explained below.
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Table 2. Comparison of size, surface charge, homogeneity and drug encapsulation efficiency (EE) between liposomes and chitosomes loading natural bioactive molecules. The liposomal
composition is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Liposomes Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdl EE Ref
Natural a C(?mposition a. Concentration (% w/v)
atura : . b. MW (kDa)
Molecules b. I;f‘:;ra;“’“ c. DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP  UN-LP
etho d. Chitosan Type
a.0.15
Artemisiaafra ggﬁiﬁiﬁiﬁ b'CLll\\fI;N 1079 + 62 8269479 228 9.0 0.798 0.429 NR 18.7 [36]
d. Chitosan
Betberine a. EPC:CHO:DHP a.bO.Il\;Hg.S
hvdoochlonide 1:0.242:0.036 * o 590 194 +£3-264 £ 8 142+5  241-293 —26.8 0.34-0.53 0.27 78.4-81.6 83.2 [5]
Y b. TFH+sonication g
d. Chitosan
a.04
Black s o
mulberry a. Lecithin (2% w/o) b-NR 473 +12.7 173 +£1.2 4138 —324 NR NR NR NR [65]
tract b. Homogenization c. 80
extrac d. Chitosan
Carl‘:;‘i‘l‘:fds‘ a. 0.05;0.1;0.15 78-83 + 0.1 77401  9.3-20 —53 0.17-0.22 0.15 87-92 87
B-carotene; a. EPC:Tween-80 NR b. 200 76-78 & 0.1 75 +0.1 9.3-20 -53 0.2-0.25 0.18 86-88 86 [44]
NN b. TFH+ sonication .85 72-75 4 0.1 70401 9320 -53 0.23-0.25 0.22 76-85 75
can{hasanﬂ;in d. Chitosan 125-130 + 1.4 120+14  9.3-20 53 0.3-0.32 0.32 59-65 58
a.0.1;0.2;05;1 193-331
Coenzyme a. SPC:CHO 83:17 * b. 100; 450 41-24.1
Q10 b. EIM+ sonication c. >85 245-354 136 8.1-25.1 —87 NR NR o8 %8 28]
d. N-trimethyl chitosan
a.0.1-05
a. EPC:CHO 2:1 b. 30
b. EIM o 88 123 +08-204+06 1014+5 30.1-32.1 —14.1 0.185-0.216 0.247 64.93 54.7
Curcumin d. Chitosan [43]
a.0.1-05
a. EPG:CHO 2:1 b. 30 104 £1-192 £0.8  1157+£23  30.4-43 -20.1 0.218-0.281 0.388 NR 126
b. TFH+ sonication c. 88

d. Chitosan
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Table 2. Cont.

Li Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdI EE Ref
1posomes a. Concentration (% w/v)
Natural a. Composition b. MW (kDa)
Molecules b. I;r/ff;;“;m“ c. DD (%) CH-LP UN-LP  CH-LP  UN-LP CH-LP UN-LP  CH-LP  UN-LP
etho d. Chitosan Type
a. 1
a. PC.CHO 5:1 * b. 28
b. EIM . 89 332.7 £ 53.8 93.2 +8.2 67.1 —243 NR NR 52.08 41.42 [66]
d. Chitosan
a. 0.0025
kz Igl(l; 140.3 51.7 31.6 -39 NR NR NR NR
d. N-dodecyl chitosan
a. 0.0025
a. EPC:DHP:CHO NR b. NR
b. NR c. 80 76.3 51.7 32 -39 NR NR NR NR [26]
d. HPTMA-chitosan
a. 0.0025
12 o 73.1 517 323 39 NR NR NR NR
d. N-dodecyl chitosan-HPTMA
a. EPC: Phosphatidic s ' 1%[1{
acid 6.5:3.5 c' NR 300 129 33 —49 0.1 0.095 NR NR [67]
b. REV d. Chitosan
a. 0.5
a. SPC:CHO 20:2 * b. 200
b. TFH+ extrusion . 585 657.7 2214 15.6 —-9.6 0.37 0.198 92.6 86.6 [27]
d. N-trimethyl chitosan
a.0.15
Eucalyptus a. DSPC:DSPE 94:6 b. LMW _
globulus b. REV+sonication o NR 885 + 119 9914 4224 13.0 149 0.678 0.585 NR 69.2 [36]
d. Chitosan
a. 0.1
l.‘z 1;;{ 173 £ 0.1 84 + 0.1 63 —49 0.4 0.3 86.6 85.4 [68]
a. Lipoid S75 1% * d. Chitosan
Grape seed b. High-pressure
extract h . a. 1
omogenizer b. NR
c' 79 160.3 + 0.1 86.5 + 0.1 64.9 —425 NR NR 99.5 88.2 [62]

d. Chitosan
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Table 2. Cont.

Li Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdI EE Ref
1posomes a. Concentration (% w/v)
Natural a. Composition b. MW (kDa)
Molecules b. I;r/ff;;“;m“ c. DD (%) CH-LP UN-LP  CH-LP  UN-LP CH-LP UN-LP  CH-LP  UN-LP
etho d. Chitosan Type
a. 0.15
Melaleuca a. DSPC:DSPE 94:6 b. LMW
alternifolia b. REV+sonication < NR 5781 + 51 9280 + 654 30.0 14 0.845 0.491 NR 41.7 [36]
d. Chitosan
a.0.1;0.3; 0.5
a. EPC 2%(w/v) b. NR )
Resveratrol b. TFH+ sonication . NR 279.8-558.3 £ 0.2 212.8 £0.01 26.3-39.2 —94 NR NR 81.3 83.9 [42]
d. Chitosan
a. 0.2
Rosmarinic a. Lecithin 1%(w/o) b. 205 205.1 87.8 66.3 —37.8 NR NR NR NR [69]
acid esters b. Homogenization c.91.8
d. Chitosan
a. PC:CHO 20:80; 40:60; a].j 041 133-
Vitamin E 60:40; 80:20 : 144-531 £ 5 53.5 —29.5 NR NR 55.4-99.8 NR [70]
L c.>90 357 +5
b. Sonication d. Chitosan

Table 3. Comparison of size, surface charge, homogeneity and drug EE between liposomes and chitosomes loading antimicrobials. The liposomal composition is indicated in the table in

molar ratio except when * exists, indicating a weight ratio (w/w).

. Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdI EE Ref
Liposomes a. Concentration (% w/v)
Antimicrobials a. Composition b. MW (kDa)
b. Prep;ra(;lon c. DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP
Metho d. Chitosan Type
a.0.1;0.3;0.6
Clotrimazole 2 P0id 5100200 mg b.NR 135 4+ 21-190 + 8 107 259-438 ~16 0.27-0.29 0.34 NR 16.5 [17]
b. TFH+ sonication c. 92
d. Chitosan
a. Lipoid 5100: a. 1l
. - CHO:Tween-80 b. NR
Dicloxacillin 0.9:0.3:0.1 . NR 263.4 £+ 19.1 178.5+13.6 15.7 —-12.7 0.411 0.247 62 38 [60]
b. TFH+sonication d. Chitosan
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Table 3. Cont.

. Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdI EE Ref
Llposom‘e.s a. Concentration (% w/v)
Antimicrobials a. Composition b. MW (kDa)
b. I;Iep;ra;lon c. DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP
etho d. Chitosan Type
Nisin a. Lecithin:CHO 20:4 * S' 1%[1{ 134 +1.34 —42 0.27 60
Nisin silica b. TFH+ c' NR NR NR NR NR [71]
Homogenization o 149 + 1.34 —44 0.283 72
d. Chitosan
a. 0.275
S a. SPC:CHO 85:15* b-190 188 + 3 147 + 3 20.4 30.2 0.16 0.13 NR 77.9
Triazavirin b. TFH+ extrusion c. 95
d. Pelargonic chitosan
a. 0.275 2]
b. 190
. o5 192 + 4 147 £ 3 18.9 30.2 0.18 0.13 NR 779
d. Lauric chitosan
Vancomvein & Lecithin:CHO 3255 o f\’é
h yel * ’ 2204 +3.6 NR 25.7 NR 0.21 NR 326 40 [56]
ydrochloride c. NR
b. REV .
d. Chitosan

Table 4. Comparison of size, surface charge, homogeneity and drug EE between liposomes and chitosomes loading drugs of different classes. The liposomal composition is indicated in the

table in molar ratio except when * exists, indicating a weight ratio (w/w).

Li Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdl EE Ref
1posomes a. Concentration (% w/v)
Drugs a. Composition b. MW (kDa)
b. I;r/[el’;ra(;“’“ . DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP  UN-LP
etho d. Chitosan Type
a.0.1;0.6
a. Lipoid 5100 20 mg b. NR _ 24.6—
Atenolol b. EIM . NR 240 +4-250+1.2 89435 27 20 NR 0.223 257 21.6 [63]

d. Chitosan
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Table 4. Cont.

Chitosan or Chitosan Derivative

Size (nm) Zeta Potential (mV)

EE Ref

Liposom.e‘s a. Concentration (% w/v)
Drugs a. Composition b. MW (kDa)
b. I;r/[el’;ra;o“ c. DD (%) CH-LP UN-LP CH-LP CH-LP UN-LP
etho d. Chitosan Type
a. 0.1
. . a. PC:CHO 20:5 * b. NR
Butyric acid b. TFH-+ sonication « NR 1322 4+23 92.1+4.1 15.3 NR NR [72]
d. Chitosan
a. EPC:CHO: a.04
. Pluronic F 127 b. 200
Cyclospori A 28:5:11 . 90 207.8 +12.2 165.2+9.2 41.7 82 85.1 [59]
b. TFH+ extrusion d. Chitosan
a. 0.1;0.25;0.5
. a. HSPC:PS:CHO ! !
Diclofenac 3:0.1:11 b- 240 S24 %22 69+£31 —0.7-10.1 99.6-100 9.6 [12]
sodium b. EIM c. 97 3923 +12.5
’ d. Chitosan
a. Lipoid S100:
a. 1l
CHO:Tween-80: b. NR
Docetaxel SDC:DCP ’ 328.6 £9.1 238 +£14.2 9.6 76.5 58.7 [55]
c. NR
0.9:0.3:0.1:0.1:0.1 d. Chitosan
b. TFH-+sonication ’
a. NR
. . a. HSPC:CHO NR b. NR
Doxorubicin b. TFH+ extrusion « NR 142.7 £2.7 123.7+14 —14.3-9.1 920 90 [23]
d. Glycol chitosan
a. 12.5; 33; 75; 200 mg
. . . a. PC:CHO 50:15 * b. 80
Epirubicin b. TFH+ sonication . 180-262 + 6.5 148 +£3 21.1-25.4 NR NR [47]
d. Chitosan
a. DPPC:DPPG: ;" 1(\)1;
Fexofenadine CHO 8:1:2.25 c. NR 716 +14.2 359 £5.5 11.8 66.1 65.9 [73]

b. TFH+ extrusion

d. Chitosan
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Table 4. Cont.

Li Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdl Ref
1posomes a. Concentration (% w/v)
Drugs a. Composition b. MW (kDa)
b. PreP;ra;O“ c. DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP  UN-LP
Metho d. Chitosan Type
a. EPC:solutol HS15 a O'Os; ;J(.)l; 0.2 1233 + 17— 90.2—
Flurbiprofen 7.5:1 ’ ) ) 107.7 £2.8 8.4-28.6 —-229 NR NR ' 85.5 [61]
e c. 95 2139 + 16.5 92.5
b. Modified EIM .
d. Chitosan
a. 0.5
. a. SPC:CHO 10:1 b. NR
Furosemide b. TFH+ sonication o NR 115.4 4+ 2.86 49.8+0.85 32.4 -13.5 NR NR 71.1 42.6 [4]
d. Chitosan
a. Lecithin:SDC 15% a. 0.1-0.5
. . * b. 150 202 +9.7- —-12.2— 42.7—
Lidocaine b. TFH+ sonication+ . 90 468.6 + 14.4 178.6 =10.6 46.6 -30.3 0.19-0.94 0.26 302 82.3 [48]
extrusion d. Chitosan
a.0.1;0.3;0.6;1.2
. a. SPC:CHO 5:1 b. 70 93.5-
Mitoxantrone b. TFH+ sonication .9 120-154 115 20-35 —-30.4 NR NR 9.5 97.4 [35]
d. Chitosan
a. Lecithin:CHO: a. 0.1
. SA:polyacrylic acid b. 50
Paclitaxel 1925:0.575:0.1 * o NR 215+ 17 152 £ 12 27.9 -37.6 NR NR 70.9 77.1 [74]
b. TFH-+sonication d. Chitosan
a. 2
. a. SPC:CHO 6:3 * b. NR
Prednisolone b. TFH+ sonication . NR 235.8 £ 0.1 99.9 0.2 35.3 -33.1 NR NR 92.8 94.2 [58]

d. Chitosan
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Table 5. Comparison of size, surface charge, homogeneity and drug EE between liposomes and chitosomes loading macromolecules and active peptides. The liposomal composition is

indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Liposomes Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdI Ref
Ma:cotrir‘llcélecules/ a. Composition a. Concentration (% w/v)
Peptides b. Preparation b. MW (kDa)
P Method c. DD (%) CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP CH-LP UN-LP
d. Chitosan Type
antisense -, gpe.cHO 205 * 100 65.6 + 149
oli%::t?g:znu- b. TFH+sonication . 90 950 + 2.7 55.7+2.69 3.8-17.2 —-11.7 0.181-0.701 0.426 NR NR [53]
d. Chitosan
]:Z:lirl;e a. EPC:sodium & 1.%5—22706mM 1082
albumin oleate 10:2 c 04 + 24—1Zé +15 107.6 =36 —23.3-5.3 -27.1 0.29-0.47 0.32 NR 50.1 [25]
(BSA) b. TFH+ sonication d. TMBz-chitosan
a. 0.2
a b. 150
DPPC-DPPE-MCC . NR 709.2 + 36 174.8 +£ 0.9 43.5 —39.8 0.34 0.19 NR NR
Calcitonin 3:0.3 d. TGA-chitosan
b. TFH+ extrusion 2. 02 [30]
E' 11\151_8 604.8 = 29.6 174.8 £ 0.9 27.9 —39.8 0.91 0.19 NR NR
d. TGA-MNA-chitosan
a. Phospholipon l? ’ C?O%)
DNA 80:DCP:CHO 5:1:4 C 7 346 +4-554 +£ 10 441 + 41 22 —52 0.19-0.37 0.47 84-87 NR [39]
b. REV d. Chitosan
a. 0.3
E";rrzcteeliln“:“ a Lecghgl‘hzoo me }Z' Ilflg 1200 500 NR NR NR NR 70 80 [57]
d. Chitosan
a. 0.1-0.5
. a. Lecithin:CHO 4:1 b. 65; 140; 680; 1000 69.7—
Insulin b. REV . 90 199.7-206.2 168.6 4.9-6.7 —29 0.132-0.246 0.143 75.9 81.6 [38]

d. Chitosan
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Table 5. Cont.

Macromolecules/ . Chitosan or Chitosan Derivative Size (nm) Zeta Potential (mV) pdl EE Ref
. Liposomes . o
Active Composition a. Concentration (% w/v)
Peptides al; P° pos p ° b. MW (kDa)
- L reparation c. DD (%) CH-LP UN-LP  CH-LP  UN-LP CH-LP UN-LP CH-LP  UN-LP
Method .
d. Chitosan Type
a. Epikuron 170: Am e
CHO 6:1 * & 0']13' 2'568'5' 1 60-140 15 10-40 ~29.6 62.4 73.1
Leuprolide Epikuron 200: CHO C 590 NR NR [40]
6:1% d (::h't 75-120 54 5-20 5 49.1 58.5
a. TFH+sonication - hitosan
Salmon a. MFGM Phosphlac a. 0.2-0.6
protein hy- /00 3:%10%(w/0) b-NR 200 100 40 —55 0.2-0.7 <0.19 40-70 NR  [49]
drolysates b. Heating+ c. NR
Homogenization d. Chitosan
siRNA- a.l
H1F1-« a HSPf.é)l(?lP. CHO b. 75 641.7 £ 25.2 167 +14.9 24.1 —23.1 NR NR NR NR [75]
siRNA- b TFH-{— s.o.nication c. 75-85 609.4 £+ 69.6 159.3 +15.1 27 —24.1
VEGF ’ d. Chitosan
a. 0.1

a. Lecithin:CHO b. NR
Substance P 20:3.3* ) 243 + 24 151 + 27 32 —49 0.3 0.2 66 81.3 [34]

. c. 88
b. TFH+ sonication d. Chitosan
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3.6.1. Physical Stability: Mechanism Controlled By Chitosan Concentration

Stability studies were conducted to compare the size, homogeneity, zeta potential
and drug EE for both conventional liposomes and chitosomes in aqueous suspension.
Many studies (Table 6) reported similar stability for both systems without significant
changes in their physicochemical characteristics. By comparing the liposomal composition,
the presence of saturated phospholipids [12,73,76] and the addition of cholesterol (40%
mol) lead to a decrease in both bilayer hydration and effective size of the polar head
group. Subsequently, bilayer defects are reduced, enhancing lateral packing of acyl chains,
lowering thereby the leakage of liposomal contents and increasing liposomal stability. This
could explain the similar stability for both systems.

However, other studies found that chitosan coating improved liposomes stability
(Table 6). This is ascribed to the presence of a chitosan layer forming a wall that hinders
swelling and release of encapsulated materials [5]. Second, electrostatic interaction and a
weak hydrophobic force between chitosan and lipid bilayer suppressed lipid molecules
mobility and kept the structural integrity of lipid membranes [44]. Moreover, the presence
of surfactants like sodium oleate, dihexadecylphosphate, dicetylphosphate (DCP) or tween-
80 in some studies (Table 6) can explain the decrease in the liposomal stability because
surfactants increase the bilayer deformability.

It is worthy to note that chitosan concentration seems to be the main factor controlling
liposomal stability. Increasing chitosan concentration led to an increase in liposomal stabil-
ity [5,44]. However, an excess of chitosan may promote the flocculation and coagulation
process of the liposomes [42,45,49]. A proposed mechanism (Figure 3) explained the chi-
tosomal stability controlled by the so-called chitosan saturation concentration, which is
the minimum polymer concentration required to cover the oppositely charged particles.
According to Laye’s explanation [3], the addition of chitosan to the liposomes below and
above the saturation concentration can both lead to liposomal dispersions destabilization.
At insufficient polymer concentrations, the anionic phospholipid molecules of liposomes
may be bounded to the cationic chitosan molecules to form coacervates rather than chi-
tosan molecules wrapping themselves around the liposome surface. At excess polymer
concentrations, the exclusion of polymer molecules from a narrow region surrounding the
particle surfaces generates an attractive force strong enough to overcome the intermolecular
repulsive forces and to bring the particles together, making the liposomes susceptible to

bridging flocculation [3].
N \>

(@)-

Liposome Coacervation Stable chitosome Depletion flocculation

Chitosan concentration

Figure 3. Proposed mechanism of liposome stability controlled by chitosan concentration.

The storage temperature influenced vesicle stability. Low-temperature achieved better
stability for both systems. This could be explained by the low permeability of coating
layers at refrigeration temperature, the inhibition of aggregation (low molecular mobility)
and the retardation of oxidative degradation of unsaturated fatty acids of phospholipid
bilayers [5,12,48,49].

Physical stability of liposomes was also evaluated by measuring particle size change
after freeze-drying followed by rehydration (FD-RH) (Table 6). Chitosan improved the
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stability by protecting the liposomes against severe physical stress (—70 °C) [35,49]. Using
chitosan as a cryoprotectant, along with surface coating, liposomes could achieve better
stability and the desired physicochemical characteristics for a prolonged duration.

Modified chitosan effect on the stability of the liposomes was investigated. The side
groups introduced into the polysaccharide chains play an important role in stabilizing the
liposomes [26,29], as reported in Table 6.

3.6.2. Mechanism Controlled by Medium Composition

Lecithin includes unsaturated double bonds, which are prone to oxidation, thus con-
tributing to the instability of the liposomal lipid bilayers. Transition metals, such as ferrous
iron, can induce oxidation in liposomes by interacting with residual lipid hydroperoxides
to produce free reactive radicals [77]. The stability of liposomes and chitosomes were tested
in the presence of ferrous iron in order to determine the lipid hydroperoxides formation.
Being a specific volatile oxidation product of polyunsaturated fatty acids like linoleic acid,
hexanal determined by gas chromatography was also used as lipid oxidation indicator.
Results showed that uncoated liposomes were highly prone to lipid oxidation since the
formation of hexanal and lipid hydroperoxides occurred rapidly. However, chitosan coat-
ing inhibited lipid oxidation, hence improving the oxidative stability to some extent due
to its ability to repel pro-oxidants metals from the liposome surface [68,69]. In addition,
the combination of antioxidants, such as rosmarinic acid and chitosan coating, resulted in
greater inhibition of lipid oxidation in liposomes [69].

Moreover, measurement of malonaldehyde (MDA), an oxidation product of phospho-
lipids, can give useful information regarding the stability of liposomes/chitosomes. The
release of MDA was lower in the case of chitosomes encapsulating Chrysanthemum EO vs.
noncoated liposomes [78]. It has been demonstrated that a chitosan coating was able to
protect phospholipid membranes from oxidation during different temperature storage; still,
the increase of storage temperature increased the speed of phospholipids oxidation [78]

Furthermore, conventional liposomes are sensitive to damage caused by harsh chemi-
cal and enzymatic GI environments, resulting in reduced oral bioavailability [5]. Chitosan’s
effect on liposome stability in simulated gastric (SGF) and intestinal (SIF) fluid is presented
in Table 6. The chitosan layer improved liposomes stability in SGF [5,74], explained by en-
hanced interactions between chitosan and liposome surface under low pH in SGF (pH 1.2)
due to amino groups protonation in chitosan (pKa 6.5). The molecular configuration of
chitosan also became more expanded, leading to a stronger affinity for the liposome surface.
However, chitosomes were less stable than liposomes in SIF (pH 6.8) [5,59] due to a de-
crease in the number of charged cationic groups in chitosan at the medium pH, resulting in
weaker electrostatic interactions between chitosan and liposomes surface, thus an increase
in the diameter of the liposome. Moreover, SIF constituents, such as bile salts, act as surfac-
tants promoting lipid solubilization for conventional liposomes and chitosomes. Pancreatic
lipases have a digestive action on phospholipids, also contributing to destabilization of the
liposomal system [5].
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Table 6. Comparison of stability between drug-loaded liposomes and drug-loaded chitosomes under various conditions. The liposomal composition is indicated in the table in molar ratio

except when * exists, indicating a weight ratio (w/w).

Chitosan or Chitosan

. Derivative Storage Conditions
Liposomes a. Concentration (% w/v) a. Temperature
Drug/EO a. Composition ) ) P Stability: Chitosomes and Liposomes Ref
b. Preparation Method b. MW (kDa) b. Time
) c. DD (%) ¢. Medium
d. Chitosan Type
- Chitosomes displayed better stability at 4, and 25 °C since
the changes in size, zeta potential and drug EE were less than
a.4;25°C those in uncoated ones
b. 30 days - The changes in size, Zeta potential and leakage ratio at 25 [5]
01:03 c. Aqueous suspension °C for both systems were higher than that at 4 °C
. a. EPC:CHO:DHP a. B - 0.3% chitosomes were more stable than 0.1% chitosomes
Berberine b. NR : :
. 1:0.242:0.036 * due to the thicker coating layer.
hydrochloride b. TFH L c. >90
: + sonication d. Chitosan - The changes in size and zeta potential of coated liposomes
a.37°C were less than those for uncoated ones in SGF
b.24h - In SIF, uncoated liposome size increased by 1.6-fold, while
c. SGF (pH 1.2); SIF (pH 7.4)  that of chitosomes increased by 6.2- and 4.2-fold for 0.1 and
0.3% chitosan, respectively
a.04 o .. .
Black mulberry a. Lecithin 2% (w/o) b. NR a.37°C - The Eercentage recovery of a}nth.ocyamns in Clzltosomes
o b.2h (3.7%) was higher than that in liposomes (2.1%) after [65]
extract b. Homogenization c. 80. . L.
. c. SGF (pH 2) incubation in SGF
d. Chitosan
a. 20 mM a.37°C - TMBz chitosan-coated liposomes protected BSA from
a. EPC:sodium oleate 10:2 b. 276 ’ . pancreatin degradation in SIF more than conventional
BSA L. b. 60 min . . . . [25]
b. TFH + sonication c. 94 c. SIF (pH 7.5) liposomes due to the interaction between positively charged
d. TMBz-chitosan ’ Pz derivative and negatively charged BSA
a. 0.6 a.37°C
Calcitonin a. DSPC:CHO: DCP 8:1:2 b. 150; 22 b ’ 60 min - LMW chitosomes had more efficiency to protect calcitonin [54]
b. TFH + extrusion c. >85; 80 ) from trypsin degradation than HMW chitosomes

d. Chitosan c. Tris-HCl buffer (pH 8)
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Table 6. Cont.

Chitosan or Chitosan

Liposomes Derivative Storage Conditions
Drug/EO a. ComPosition a Cmﬁeﬁ;‘;t:ﬁg(a)/o wiv) a T]e31.11%erz;aeture Stability: Chitosomes and Liposomes Ref
b. Preparation Method c. DD (%) c. Medium
d. Chitosan Type
- Chitosan coating increased carotenoid retention rates in
liposomes by 8-15% after coating
Carotenoids: 2. 0.05: 0.1: 0.15 - When heating at 37 and 65 °C, the retaining capacity of
lutein; IS a. 37;65;90 °C liposomes showed chitosan concentration dependency. The
a. EPC:Tween-80 NR b. 200 . . . .
B-carotene; .. b. 390 min higher the chitosan concentration was, the stronger the [44]
b. TFH + sonication c. 85 . . .
lycopene; d. Chitosan c. Aqueous suspension thermal resistance of chitosomes
canthaxanthin ’ - Whatever the heating conditions were, liposomes exhibited
the strongest retaining ability to lutein, followed by
[3-carotene, lycopene and canthaxanthin
a. 0.025; 0.05; 0.075; 0.1
Chrysanthemum a. Lecithin:CHO 5:1 mg/mL a. 4,12, 25;37°C - MDA content was lower in case of EO chitosomes
. b. NR b. 15 days . [78]
sp. b. TFH + extrusion < NR . NR compared to EO loaded liposomes
d. Chitosan
a.0.1 a.4;25°C - Both systems prepared either by EIM or TFH were stable at
a. EPC:CHO 2:1 b. 30 . . .
- b. 40 days both temperatures since no changes in mean size and pdl [43]
b. EIM and TFH + sonication c. 88 .
d. Chitosan c. Aqueous suspension values were observed after 40 days
- 90.68% of curcumin remained encapsulated in chitosomes
e M. AN EM. 2. . . compared to 26.03% in liposomes after 40 days at 4 °C
a1 a. 425 30; 40’050’ 60,70;80; The remaining percentage of curcumin decreased to 75.77%
a. PC:CHO 5:1 * b. 28 90 °C . o
Curcumin when chitosomes were stored at 25 °C [66]
b. EIM c. 89 b. 40 days . . .
d. Chitosan . Aqueous suspension - Chitosomes showed the highest remaining percentage of
’ ! P curcumin at various temperatures tested up to 90 °C
compared to liposomes and free curcumin
a;bO.l(iIOl%S - Alkyl anchors (N-dodecyl chitosan; N-dodecyl
. . i a. NR chitosan-HPTMA chloride) showed better stability compared
a. EPG:DHP:CHO NR c. 80 b. NR to native chitosan and uncoated liposomes since the [26]

b. NR

d. Chitosan; N-dodecyl
chitosan; HPTMA-chitosan;
N-dodecyl chitosan-HPTMA

c. Triton X100 pH 7.4

disruption process by triton X100 was slowed down
considerably in the presence of these polymers on liposomes




Processes 2021, 9, 445

20 of 47

Table 6. Cont.

Chitosan or Chitosan

Derivative

Storage Conditions

Liposomes a. Concentration (% w/v) a. Temperature
Drug/EO a. Composition ) ° ) P Stability: Chitosomes and Liposomes Ref
b. Preparation Method b. MW (kDa) b. Time
P TTep c. DD (%) c. Medium
d. Chitosan Type
a. 0.25,0.5 a 4:25°C - Both chitosomes and liposomes were stable at 4 °C without
Diclofenac a. HSPC:PS:CHO 3:0.1:1 b. 540 b. 3’0 d significant changes in their size, Zeta potential and EE [12]
sodium b. EIM c. 97 o A ue.ous sjzsension - At 25 °C, chitosomes with both concentrations used showed
d. Chitosan A4 P better stability than liposomes in terms of size and EE
a. Phospholipon S ' C?OB a.37°C - Chitosomes protected the DNA from the endonuclease
DNA 80:DCP:CHO 5:1:4 c 7 b.1,2h digestion after incubation in both SGF and SIF. However, [39]
b. REV d. Chitosan c. SGF (pH 1.2); SIF (pH 6.8) conventional liposomes were less protective in SIF
a. 12.5; 33; 75; 200 mg ) - Chltosomﬁs sh(?wed bgtte}r .stablhty after ?:0 c.lays of storage
a. 4;25;37°C at 4 and 25 °C with no significant changes in size, contrary to
e a. PC:CHO 50:15* b. 80 . .
Epirubicin L b. 30 days conventional liposomes [47]
b. TFH + sonication c. 92 . o . .
. c. Aqueous suspension - Both systems were unstable at 37 °C with a significant
d. Chitosan . . . .
increase in vesicle size
a. 0.3 A 4°C - Chitosomes improved liposome stability since more than
Extracellular a. Lecithin 100 mg b. NR b éO davs 70% and 50% of extracellular proteins remained encapsulated 157]
proteins b. EIM c. NR ) Y . after 2 months at 4 °C in coated and noncoated liposomes,
. ¢. Aqueous suspension .
d. Chitosan respectively
a. 0.1 a 4:25°C
Fexofenadine a. DPPC:DPPG: CHO 8:1:2.25 b. NR b ’ 1 éO davs - Under different tested conditions, drug leakage was lower (73]
b. TFH+ extrusion c. NR - evaay than 10%, and the size change was minimal for both systems )
. c. Freeze-dried powder
d. Chitosan
a. 0.005 a. 25°C
Glucose a. DPPC 0.27 M b. NR b '30 davs - Both systems were stable since the loss in glucose EE from [76]
b. ISCRPE c. 70-90 ) e chitosomes over time was almost similar to that in liposomes
. c. Aqueous suspension
d. Chitosan
a. 0.1 a. 25 °C
a. Lipoid S75 1% (w/w : - i ionifi i
Grape seed 0 pHi o ressu(re ) b. NR b. 98 days Both systgms were stable since no significant changes in [68]
extract - High-pre: c.79 . AqUeous suspension size and zeta potential were observed
homogenizer d. Chitosan -Aq P
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Table 6. Cont.
Chitosan or Chitosan
Liposomes Derivative Storage Conditions
Drug/EO a. Composition a Coxeﬁxt:ﬁl;)(a)/o wlv) a T;m%e;;fure Stability: Chitosomes and Liposomes Ref
b. Preparation Method c. DD (%) c. Medium
d. Chitosan Type
a1 a.25°C
b. NR ’ - Both systems were stable since no significant changes in
b. 15 days . . [62]
c. 79 . Aqueous suspension size and zeta potential were observed
d. Chitosan A9 P
a. 0.1-0.5 a. 37 °C - Chitosan coating reduced peptic and tryptic digestion of
Insulin a. Lecithin:CHO 4:1 b. 65; 140; 680; 1000 b. NR insulin compared to uncoated liposomes [38]
b. REV c. 90 c. Tris-HCl buffered saline - This protective action in chitosomes was enhanced by the :
d. Chitosan (pH2and 7.4) increase in chitosan MW and concentration
- Elastic chitosomes with both chitosan concentrations used
were more stable than uncoated ones for 3 months at 4 and 25
. 03:05 °C, where a slow increase in size and drug leakage ratio were
a. Lecithin:SDC15% * .b '1:50' a.4;,25°C observed
Lidocaine b. TFH + sonication+ c 90 b. 90 days - No significant difference in size and drug leakage ratio [48]
extrusion . c. Aqueous suspension between elastic liposomes coated with 0.3 and 0.5% chitosan
d. Chitosan
after 3 months;
- A better stability was obtained at 4 °C since the changes in
size and leakage ratio were less than those obtained at 25 °C
- Uncoated liposomes showed higher size after FD-RH
a.0.1;0.3;0.6; 1.2 o . g . .
a. SPC-CHO 5:1 b. 70 a.—70°C compared to chitosomes, indicating the protective effect of
Mitoxantrone b TFH +.sonica t'ion c. 9 b. NR chitosan-coating during FD-RH [35]
’ d C}.ﬂtosan c. FD-RH - As chitosan concentration increased from 0 to 0.3%,
’ liposomes showed fewer changes in their size after FD-RH
a. 4;,25°C - Both systems were stable at 4 and 25 °C since no significant
a. 01 b. 180 days changes were observed in size, zeta potential and EE after [74]
a. Lecithin:CHO:SA b. 50 c. Aqueous suspension storage
. . 01 * .NR
Paclitaxel 1‘225'0'575'.0'1 ) d (C:hitosan a.37°C - Chitosomes were more stable than liposomes in both SGF
b. TFH + sonication ’ b.2h,6h and SIF since no changes in size, zeta potential and EE were
c. SGF (pH 1.2); SIF (pH 6.8) obtained
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Table 6. Cont.
Chitosan or Chitosan
. Derivative Storage Conditions
Liposomes a. Concentration (% w/v) a. Temperature
Drug/EO a. Composition ) ) P Stability: Chitosomes and Liposomes Ref
b. Preparation Method b. MW (kDa) b. Time
P TTep c. DD (%) c. Medium
d. Chitosan Type
- Chitosan improved liposomes stability since the size
a.0.1;0.3;05 o .
o a.25°C increase after storage was lower than that of uncoated
a. EPC 2% (w/v) b. NR .
Resveratrol N b. 7 days liposomes [42]
b. TFH + sonication c. NR . . . . . L
d. Chitosan c. Aqueous suspension - 0.1% chitosan coating displayed very little change in size
’ compared to high chitosan concentrations (0.3 and 0.5%)
c 1 4o a. 0.2 a.55°C - Chitosomes were more stable than liposomes, where
Rosmarinic acid a. Lecithin 1% (w/v) . .
esters b. Homogenization b. 205 b. 14 days chitosomes size increased by 1-fold after storage compared to [69]
’ c.91.8 c.pH3 1.5-fold for uncoated ones
- Both systems were stable at 4 °C without significant
changes in their size
. 04:06 a. 4:20°C - A better stability at 4 °C for both systems.
. a. MFGM Phosphlac 700 3; 5; L s L - The excess of chitosan (0.6%) resulted in more drug loss
Salmon protein o b. NR b. 30 days o o 1
10% (w/v) . after 1 month at 20 °C compared to 0.4% chitosan [49]
hydrolysates . - c. NR c. Aqueous suspension; . . o . .
b. Heating+ Homogenization . - Conventional liposomes exhibited larger size and higher
d. Chitosan and FD-RH .
drug loss compared to chitosomes after FD-RH
- No significant difference in drug loss between liposomes
coated with either 0.4 or 0.6% chitosan after FD-RH
a. 0.1 a.37°C
a. Lecithin:CHO 20:3.3 * b. NR ) - Both systems were stable since the mean size and pdlI did
Substance P . b.24h . . [34]
b. TFH+ sonication c. 88 PBS (pH 7.4) not increase over time
d. Chitosan « Pz
- Unmodified liposomes were proved to be unstable after one
a. 0275 a.4°C month of storage
o . * *
Triazavirin a. SPC:CHO 85'.1 > b.190 b. 90 days - Coating of liposomes with pelargonic chitosan extended the [29]
b. TFH+ extrusion c. 95 . . . °
S c. Aqueous suspension shelf life of liposomes up to 3 months at 4 °C compared to
d. Pelargonic chitosan . .
uncoated ones since the size and pdI was almost unchanged
2. 01 - After 12 weeks of storage at 4 °C, 97% of vitamin E
o a. PC:CHO 60:40 b. 4 a.4;25°C remained encapsulated in .chltosomes compared to 60.76% in
Vitamin E .. b. 84 days liposomes [70]
b. Sonication c.>90 . . o -
d. Chitosan c. Aqueous suspension - When chitosomes were stored at 25 °C, the stability of

vitamin E decreased to 31.2%




Processes 2021, 9, 445

23 of 47

3.7. Drug Release

Studies were conducted to compare the drug release rate from conventional liposomes
and chitosomes. In vitro drug release from both systems was generally performed in PBS
at pH 7.4 and 37 °C by dialysis technique. Both liposomes and chitosomes showed a
two-stage profile release, an initial rapid release followed by a sustained release. The
initial burst drug release can be attributed to the immediate release of surface-associated
drugs. The sustained release of encapsulated drug results from drug diffusion from
lipid bilayer and the adhesive chitosan layer for chitosomes [29,55,56,60]. Liposomes
coated with chitosan [12,34,35,47,48,55,56,60,74,79] or modified chitosan [22,29] released
the drug in a retarded and slower manner compared to noncoated liposomes. This was
attributed to the existence of the chitosan layer, which delayed the drug diffusion into the
medium [34,35,47,55,56,60].

In fact, the biphasic pattern of drug release is also obtained in simulated GI fluid. The
deposition of chitosan on the liposome surface displayed a lower level of drug release in
both SGF and SIF compared to uncoated liposomes [5,44,49,58]. Several factors controlled
the drug release rate, especially the medium composition, polymer ionization and dissolu-
tion in the medium and drug ionization depending on the medium pH and the pKa value
of the drug. For example, the drug release rate from both systems was enhanced in SIF
relatively to SGF due to the decrease in the protonation of amino groups of chitosan in a
high-pH medium [5,44,49]. This confirmed the mechanism by which the medium composi-
tion affects the vesicle stability described previously (Section 3.6.2 mechanism controlled
by medium composition) and subsequently the drug release rate. Otherwise, the aqueous
solubility of chitosan and its derivatives depends on the pH of the buffer solution. Since
the octadecyl-quaternized lysine-modified chitosan derivative is much easier dissolved in
acidic solution [22], the calcein release rate from octadecyl-quaternized lysine-modified
chitosomes is higher at low pH 5.7 (90% after 14 h) than that at pH 8 (70%). In addition,
due to the dissolution of N-trimethyl chitosan chloride in water, and a relatively weak
electrostatic interaction between liposome and polymers, a similar curcumin release profile
was demonstrated between uncoated and N-trimethyl chitosan-coated liposomes [27].

Moreover, the in vitro release data of grape-seed polyphenols performed in acetate
buffer at pH 3.8 at 25 °C [62], quercetin performed in acetate buffer at pH 5.5 and PBS
pH 7.4 [80], and curcumin in PBS pH 7 at 23 °C and 60 °C [66] from the liposomes and
chitosomes were analyzed using various mathematical models, including the zero-order
equation, first-order, Baker-Lonsdale, Higuchi, Hixson-Crowell or Korsmeyer-Peppas
models to determine the kinetics and the mechanism of drug release from different for-
mulations. The regression analysis was performed, and the model that best fit the release
data was chosen on the basis of the highest correlation coefficient R? [62,80]. The models of
controlled release mechanisms for the liposomes coated with chitosan are in agreement
with the release behavior of uncoated liposomes. The Korsmeyer-Peppas model was
reported as the optimal model for the different formulations containing quercetin [80]. In
contrast, the coefficients of correlation were equal for both Higuchi and Peppas equations
(R? = 0.972) for uncoated and chitosan-coated liposomal formulations containing grape-
seed polyphenols [62]. In addition, the release of curcumin from liposomes and chitosomes
mostly followed the Higuchi model at 23 °C and the Peppas model at 60 °C [66]. It is
important to mention that both Higuchi and Peppas equations indicate a diffusion-driven
release of drugs from uncoated and coated liposomes. In addition, the diffusional exponent
n determined from Korsmeyer-Peppas model indicates the mechanism of drug release,
where a value of n equal 0.45 (or 0.5 in some studies [62]), indicates a Fickian diffusion,
while a value of n between 0.45 and 0.89 indicates a non-Fickian (anomalous) release,
which refers to a combination of both diffusion and erosion of the polymeric chain. When
n > 0.89, the release by the erosion of polymeric chain is the major mechanism [80]. The
diffusional exponent n was 0.74 and 0.61 for uncoated and chitosan-coated liposomes
loading quercetin, respectively [80], and in the range of 0.64 and 0.81 for both systems
loading curcumin at both temperatures (23 and 60 °C) [66], indicating an anomalous re-
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lease of quercetin [80] and curcumin [66]. However, a Fickian diffusion was reported for
polyphenols from chitosomes (1 = 0.502), while an anomalous transport from uncoated
liposomes (1 = 0.518) [62]. When an ionic polymer, such as positively charged chitosan,
interacts with a released compound having an opposite charge, such as gallic acid, this
results in retention via ionic bonds. This can be the reason for the difference in the release
behavior of coated and uncoated liposomes [62].

Other factors, such as polymer concentration, chitosan MW and temperature, also
influenced the drug release behavior. Increasing the concentration of chitosan from 0.1
to 0.6% w/v [5,17,37] or modified chitosan from 0.05 to 0.4% [22] resulted in a decrease in
drug release percentage compared to uncoated liposomes. The thicker coatings (0.3 and
0.6% w/v) cause an obstacle for drug release [17]. It was also demonstrated that the drug
release rate was not affected when chitosan content reaches saturation. Thus, no significant
difference in lidocaine release profile was obtained from 0.3 and 0.5% w/v chitosan-coated
elastic liposomes [48].

Additionally, a high MW of chitosan-coated liposomes showed a slower release rate
of cyclosporine A than that obtained with a low MW of chitosan-coated liposomes [79] as a
stronger outer coating membrane forms with a high MW of polymers.

Another factor influencing the release was the temperature. Temperature increase from
23 to 60 °C resulted in a fast curcumin release rate from both curcumin-loaded liposomes
and chitosomes with a low release rate obtained in chitosomes at tested temperatures [66].

3.8. Pharmacokinetic Studies: Conventional Liposomes and Chitosomes

The pharmacokinetic parameters (Tmax, Cmax, AUC, Ty /) of many drugs obtained
by in vivo studies were improved for chitosan-coated liposomes compared to free drug or
drug-loaded conventional liposomes (Table 7). Chitosomes showed the greatest absorption,
the slowest elimination, longer retention time, and enhanced bioavailability compared to
drug-loaded liposomes.
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Table 7. Drug pharmacokinetic behavior: conventional liposomes and chitosomes. The liposomal composition is indicated in the table in molar ratio except when * exists, indicating a
weight ratio (w/w).

Chitosan or Chitosan Derivative

Liposomes a. Concentration (% w/v)
Drug A. Composition b. MW (kDa) Pharmacokinetic Behavior Ref
B. Preparation Method c. DD (%)
d. Chitosan Type
a.0.1,0.3 - Pharmacokineti rameters (AUC, T Cmax) for berberin
Berberine a. EPC:CHO:DHP 1:0.242:0.036 b. NR ArMAcoIIICUCS parameters » “max; Smax) JOF DEIBEE
. L hydrochloride-loaded chitosomes after oral administration to rabbits were [5]
Hydrochloride b. TFH+ sonication c. >90 . . . .
. higher than those obtained with uncoated liposomes
d. Chitosan
a. DPPC:DCP 4:1 S ' 11 5% - The area under the plasma calcium concentration curve was 2.4 and 2.8
DPPC:SA 4:1 ) times higher for chitosomes than for positively and negatively charged [81]
c. 85 . . .. .
b. TFH . uncoated liposomes, respectively, after oral administration to rats
d. Chitosan
a. 0.3
a. DSPC:DCP:CHO 8:2:1 b. 150 - The area under plasma calcium concentration obtained after oral [82]
b. TFH+ sonication c. 85 administration to rats increased with decreasing liposomes size
d. Chitosan
Calcitonin
a. 0.6 .. . o .
a. DSPC:DCP-CHO 8:2:1 b. 150; 22 - Afte.zr oral admlplstratlon to rats, CalC1t0n1n-10acled.1 ChltOSOD.f‘leS prepared
- with LMW chitosan showed more pharmacological effectiveness in [54]
b. TFH+ extrusion c. >85; 80 . . . ¢ .
. decreasing blood calcium concentration than did HMW chitosomes
d. Chitosan
a. 0.2
a. DPPC:DPPE-MCC 3:0.3 kc) 11\1512 - The highest reduction in blood calcium level after oral administration to [30]
b. TFH+ extrusion . rats was achieved for TGA-MNA-chitosan-coated liposomes
d. TGA chitosan;
TGA-MNA-chitosan
a. 0.5 - After oral administration to rats, curcumin incorporated into N-trimethyl
Curcumin a. SPC:CHO 20:2 b. 200 chitosan-coated liposomes exhibited different pharmacokinetic parameters [27]
b. TFH+ extrusion c. >85 (Cmax, T1/2, AUQC), the greatest absorption, the slowest elimination and
d. N-trimethyl chitosan chloride enhanced bioavailability compared to curcumin-loaded liposomes
a. 04
. ) . - - Pharmacokinetic analysis after oral administration to rats showed that Cpnax
Cyclosporin A a. EPC:CHO:Pluronic F.127 28:5:11 b. 200 and AUC of deformable liposomes were 1.73- and 1.84-fold higher than those [59]
b. TFH+ extrusion c. 90

d. Chitosan of chitosomes, respectively
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Table 7. Cont.

Chitosan or Chitosan Derivative

Liposomes a. Concentration (% w/v)
Drug A. Composition b. MW (kDa) Pharmacokinetic Behavior Ref
B. Preparation Method c. DD (%)
d. Chitosan Type
a. Lipoid S100:CHO: a1 - After intraperitoneal administration to rats, the pharmacokinetic
Tween-80:SDC:DCP b. NR . . . .
Docetaxel 0.9:0.3:0.1:0.1-0.1 <. NR parameters (AUC, Cax, mean residence time) were higher in deformable [55]
b. TFH+ sonication d. Chitosan chitosomes than in deformable liposomes
a. 0.1
Fexofenadine a. DPPC:DPPG:CHO 8:1:2.25 b. NR - Bioavailability of fexofenadine was increased up to 34.7% via intranasal 73]
b. TFH+ extrusion c. NR administration of chitosomes in rats compared to uncoated liposomes (24.5%)
d. Chitosan
a. 04 - After intravenous injection to mice, chitosomes loading vancomycin
Vancomycin a. Lecithin:CHO 32.5:5 * b. NR hydrochloride showed a longer retention time and higher AUC values [56]
hydrochloride b. REV c. NR compared to vancomycin hydrochloride injection and vancomycin
d. Chitosan hydrochloride-loaded liposomes
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3.9. Pharmacodynamics: Conventional Liposomes and Chitosomes

In the section below, the in vitro and in vivo biological effects of drug- or EO-loaded
chitosomes and liposomes are reported (Tables 8-12). Chitosan-coating of liposomes im-
proved numerous biological activities, including antimicrobial activity, mucoadhesive
property, cytotoxic effect against cancer cell lines, anti-inflammatory, analgesic and sup-
pression of gene expression.

3.9.1. Antimicrobial Property

Although humans developed medications for many contagious diseases, the antimicro-
bial and antiviral activities of synthetic and natural substances still attract much attention.
In the area of antibiotic resistance, new antimicrobials are highly desired but not easy to
obtain. Therefore, efforts are undertaken to increase or tailor antimicrobial activity by
formulations. The antimicrobial properties of chitosan alone or blended with other natural
polymers are well-known. Its activity against Gram-positive and Gram-negative bacteria
results from the polycationic structure of chitosan [19]. In addition, chitosomes, even non-
loaded with any drug, can exert antimicrobial activity, which was proven for Staphylococcus
epidermidis and Staphylococcus aureus. The activity was dependent on the type of bacteria
and the formulation, and S. epidermidis was susceptible to lower concentrations of chitosan
(0.03%, 0.1% and 0.3%) [83]. For this reason, antimicrobial activity measured for chitosomes
loaded with drugs can be considered as a synergistic activity of the drug itself and chitosan.
What is more, chitosomes are able to assure the prolonged release of the drug, as it was
shown for metronidazole. The antimicrobial efficacy of chitosomes combined with the anti-
fungal potential of the entrapped metronidazole was effective against Candida albicans and
could offer improved efficacy in the treatment of mixed or complex vaginal infections [84].
Similar enhanced controlled release and antimicrobial effects against multidrug-resistant
foodborne pathogens were observed for nisin entrapped in chitosomes. The inhibition of
S. aureus, Enterococcus faecalis and Listeria monocytogenes growth were better for nisin-loaded
chitosomes than free or liposomal-nisin [85]. The findings indicate the possible applications
of chitosomes as external use antimicrobial formulations.

It was established for the first time that polymer-coating could enhance the stability
of the liposomal formulations entrapping EOs, this study being a stepping-stone in the
development of EOs as antimicrobial agents [36]. Thus, Artemisia afra, Eucalyptus globulus
and Melaleuca alternifolia EOs were encapsulated within polymeric liposomal systems. First,
synergistic to additive interactions were shown for E. globulus and M. alternifolia liposomal
formulations against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and
Candida albicans. Further, chitosan-coating of the liposomes improved their surface stability
and prolonged the EOs release, thus extending their antimicrobial activity [36]. The
antimicrobial activity of EOs and other bioactive molecules in both systems is summarized
in Table 8.
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Table 8. Antimicrobial activity of bioactive molecules: conventional liposomes and chitosomes. The liposomal composition is indicated in the table in molar ratio except when * exists,
y p p p P

indicating a weight ratio (w/w).

. Chitosan
Liposomes a. Concentration (% w/v)
Drug/EO a. Composition ) Antibacterial Activity Ref
b. Preparation Method b. MW (kDa)
) c. DD (%)
- A. afra chitosomes displayed lower MIC values compared to liposomes and
unencapsulated EO against Staphylococcus aureus, Escherichia coli, Pseudomonas
Artemisia afra, 2. 015 aeruginosa, and Candida albicans, indicating that polymer coating overcomes
Eucalyptus globulus, a. DSPC:DSPE 94:6 b. NR the increased EO volatility [36]
Melaleuca b. REV+sonication C' NR - E. globulus chitosomes displayed lower MIC values compared to liposomes ]
alternifolia ' and unencapsulated EO against C. albicans
- M. alternifolia chitosomes showed similar MIC compared to liposomes
against S. aureus, E. coli, P. aeruginosa, and C. albicans
. a. 0.0025-0.01 . Ll
Chrusanthemum s a. Lecithin:CHO 5:1 b. NR - EO chitosomes reduced Campylobacter jejuni viability in chicken compared (78]
Y p- b. TFH+extrusion c. NR to liposomes due to the antibacterial properties of the chitosan coating
a. Lipoid S100:CHO:Tween-80 a1 - chloxacghn.—l(.)a%ded liposomes exl'.ublted a .51gn1f1c.antly ‘{v1.der zone of S.
. o aureus inhibition compared to dicloxacillin or dicloxacillin-loaded
Dicloxacillin 0.9:0.3:0.1 b. NR . . I . . [60]
S chitosomes, probably due to liposome flexibility and relatively small size
b. TFH+sonication c. NR .
compared to chitosomes
2. 017 - Metronidazole loading chitosan-coated liposomes exhibited growth
Metronidazole a. SPC b' NR inhibition against C. albicans (MIC 0.11-0.22 mg/mL), whereas control [84]
b. TFH c 77 carbopol-loaded liposomes and plain liposomes, as well as the metronidazole
’ control solution, showed no inhibition
- a. Lecithin NR Y trlpolzphosphate a. 0.3-09 Chitosomes controlled S. aureus, E. faecalis and L. monocytogenes growth better
Nisin as crosslinker (0.1% w/v) b. NR . . [85]
o L than free or liposomal-nisin
b. Stirring+sonication c. NR
S a. Lecithin:CHO 20:4 * a. 0.1 - Chltosan—coated msm—s%hca liposomes displayed better ar.ltlbacterlal activity
Nisin silica - b. NR against L. monocytogenes in cheese models compared to chitosan-coated nisin [71]
b. TFH+homogenization .
c. NR liposomes and uncoated ones
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3.9.2. Mucoadhesive Property

The mucoadhesive property of chitosomes was the most studied one among other
activities. It was carried out in vitro by incubating a mucin solution with a liposomal
or chitosomal suspension at 37 °C for 1 h. Using a colorimetric method, the amount of
free mucin in the supernatant obtained by centrifugation of the suspension is used to
calculate the amount of adsorbed mucin on particle surface from the difference between
total and free mucin. Mucin adsorption percent was then calculated as the ratio between the
adsorbed mucin and the total amount of mucin used. Mucoadhesivity was also performed
in vivo, where the liposomal or chitosomal suspension was administered orally to rats.
The intestinal were removed from scarified rats and divided into segments (duodenum,
jejunum and ileum). Confocal laser scanning microscopy was performed to visualize the
mucopenetrative behaviors of liposomes across the intestinal mucosa. Mucus is a viscous
coating on many epithelial surfaces and consists mainly of water (up to 95% weight),
inorganic salts, carbohydrates, lipids and glycoproteins, termed mucins. Mucins are
hydrosoluble and responsible for the gel-like properties of mucus [86]. The mucoadhesive
property of chitosomes is mainly due to the electrostatic interaction between the amine
group (NH3") of chitosan and the carboxylate (COO™) or sulfonate (SO3~) group of
mucin [43] as well as by other non-covalent bonds, such as hydrogen and hydrophobic
bonds (from the remaining acetyl group on chitosan molecules) [54]. Several factors, such
as zeta potential, liposomes size, the polymer used, chitosan concentration and chitosan
MW, may influence the chitosome’s mucoadhesive property. A linear correlation was
demonstrated between the mucin percent absorbed on the vesicles and their corresponding
zeta potential values (Figure 4) [32].
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Figure 4. Effect of vesicle zeta potential on the mucoadhesive properties of chitosomes [32].

Small chitosome size showed high mucoadhesion [82]. Low chitosan concentration
also favors mucoadhesivity [17]. In order for mucoadhesion to take place, the wetting
and swelling of the polymer should enable an intimate contact with the mucosal tis-
sue, followed by the interpenetration of the polymer chains and entanglement between
the polymer and mucin chains [17]. Thiolated chitosans have stronger mucoadhesive
properties than non-modified chitosan [17,30]. However, excessive water uptake will
lead to overhydration forming slippery mucilage and less adhesiveness [87]. The slow
swelling behavior of S-protected thiomers via conjugation of thiolated chitosan with 6-
mercaptonicotinamide can avoid overhydration and loss of adhesiveness, resulting in
a prolonged mucoadhesion [30,87]. Overall, chitosan-coated liposomes were proved to
enhance the mucoadhesive property of several bioactive molecules when compared to
conventional liposomes (Table 9).
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Table 9. Drug mucoadhesive property: conventional liposomes and chitosomes. The liposomal composition is indicated in the table in molar ratio except when * exists, indicating a weight

ratio (w/w).

Liposomes

Chitosan or Chitosan Derivative
a. Concentration (% w/v)

Drug a. Composition b. MW (kDa) Mucoadhesive Property Ref
b. Preparation Method c. DD (%)
d. Chitosan Type
a. 0.6
Atenolol a. Lipoid S100 20 mg b. NR - Chitosomes have higher mucoadhesive strength performed on pork intestines [63]
b. EIM c. NR (~35%) compared to uncoated liposomes (10%)
d. Chitosan
a. 1.5
e s a. DPPC:DCP 4:1 b. 150 - The mucoadhesive percentage was as follows: chitosomes> noncoated
Calcitonin DPPC:SA 40:1 . . . . [81]
b. TEH c. 85 positively charged liposomes> noncoated negatively charged liposomes
’ d. Chitosan
a. 0.3
. . - - Small-sized liposomes (200 nm) and chitosomes (400 nm) showed high
Calcitonin & Esglgﬁl?ril:)ﬁigoiz.l bc 18550 penetration into intestinal mucosa, while such behavior was not observed for [82]
’ d C}.ﬁ tosan large vesicles (3810 nm) even when coated with chitosan (4130-4640 nm)
a. 0.1,0.3;0.6 . . . . . . o
a. Lipoid 5100 200 mg b. NR - Mucin studies revealed that coating with low chitosan concentration (0.1%)
Clotrimazole b "IPFH+ sonication c 9 increased the system’s mucoadhesive potential compared to coating with high [17]
’ d Cflitosan chitosan concentrations (0.3 and 0.6%)
a. EPC:CHO 2:1 Z %3 - Mucin adsorption was improved after chitosan coating with a value of 33.60
Curcumin ) : N ' and 56.47%, respectively, for curcumin-loaded liposomes and [43]
b. EIM and TFH+ sonication c. 88 . .
d. Chitosan curcumin-loaded chitosomes
a. 04 - After oral administration to rats, chitosomes were trapped by mucus and
Cvclosporin A a. EPC:CHO:Pluronic F 127 28:5:11 b. 200 remained in the upper portion of the intestinal tract with limited penetration [59]
Yy P b. TEFH+ extrusion c. 90 ability. However, deformable liposomes were found throughout the intestinal
d. Chitosan tract and were able to penetrate the mucus layers to reach the epithelial surface
a. 0.6
) ) . - Both liposomes and chitosomes were retained in the stomach at 40% in fed rats
Dil a Esggﬂtz-izﬁiioiZl bc 18550 after 1 h oral administration, and intestinal transition was reduced compared to [88]

d. Chitosan

fasted rats
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Table 9. Cont.
Chitosan or Chitosan Derivative
Liposomes a. Concentration (% w/v)
Drug a. Composition b. MW (kDa) Mucoadhesive Property Ref
b. Preparation Method c. DD (%)
d. Chitosan Type
a. 0.1
. a. DPPC:DPPG:CHO 8:1:2.25 b. NR - Mucoadhesive property was improved after chitosan coating with 30 and 90%
Fexofenadine property p & [73]
b. TFH+ extrusion c. NR for fexofenadine-loaded liposomes chitosomes, respectively
d. Chitosan
a. EPC:CHO 2:1 a. 0.001-0.66
EPC:PG:CHO 9:1:5 . . . .
. . . b. NR - The mucoadhesive percentage was in the following order: chitosomes>
Rifampicin DSPC:CHO 2:1 . . . [32]
DSPC-PG-CHO 9:1:5 c. 87 noncoated uncharged liposomes> noncoated negatively charged liposomes
S d. Chitosan
b. TFH+ sonication
a. 0.275
Triazavirin a. SPC:CHO 85:15 * bC 19950 - Unmodified chitosomes showed 1.3 and 1.6 times higher mucoadhesive [29]
b. TEFH+ extrusion L . roperties than pelargonic- and lauric chitosan-coated liposomes, respectivel
d. Pelargonic chitosan; lauric prop pelarg P P y
chitosan
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3.9.3. Permeability and Drug Penetration Effect

Chitosomes exhibited higher permeability and drug penetration into the skin than
liposomes (Table 10). The increased skin drug permeation with chitosan coating could
be explained by the tendency of positively charged chitosan to electrostatically interact
with the negatively charged lipid present in the lipid layer of the stratum corneum to
open the epidermal tight junctions and to promote the drug delivery [42,48]. In addition,
chitosomes exhibited potential ocular applications by increasing transcorneal drug pen-
etration, compared to uncoated liposomes or commercially available eye drops with no
ocular irritation [12,37,79]. The penetration enhancing effect of chitosomes into the cornea
was higher with HMW of chitosan [28] but did not increase with the excess amount of
chitosan [12]. The main findings concerning the permeation enhancing effect of chitosomes
in comparison to liposomes are shown in Table 10.

Table 10. Permeability and drug penetration studies: conventional liposomes and chitosomes. The liposomal composition

is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Liposomes

Chitosan or Chitosan
Derivative

a. Concentration (% w/v) Permeability and drug Penetration

D Composton ™5 M b
PP c. DD (%)
d. Chitosan Type
- Chitosomes significantly enhanced COS7
Anti-sense a. 0.05-1 1s uptake of anti-sen
i a. SPC:CHO 20:5 * b. 100 | coms uplake ot antsense
oligodeoxynu- L oligodeoxynucleotides compared to the [53]
. b. TFH+ sonication c. 90 .
cleotides d. Chitosan nucleotide alone or
' nucleotide-loaded liposomes
a. EPC:sodium oleate a. 20 mM - Compared. to BSA—loadec.l liposomes,
BSA b. 276 TMBz chitosan-coated liposomes [25]
b. TFH+ sonication c. 94 enhanced BSA permeability across Caco-2
' d. TMBz-chitosan cell monolayers
a. PC:CHO 3:1* i’ %g - Octadecyl-quaternized lysine-modified
. PC:Folate:PEG:CHO ' chitosan-coated deformable liposomes
Calcein c. NR . . . [22]
LI:1:1 % . showed higher calcein delivery to MCF-7
- d. Octadecyl-quaternized - .
b. TFH+ sonication . o . cells compared to traditional liposomes
lysine modified chitosan
- Calcitonin permeation enhancing effect
through intestinal mucus was more
a. 0.2 pronounced for modified chitosomes than
a. DPPC:DPPE-MCC b. 150 uncoated liposomes with 1.8-,2.7- and a
Calcitonin 3:50.3 c. NR 3.8-fold increase for uncoated liposomes, [30]
b. TFH+ extrusion d. TGA chitosan; TGA chitosan-coated liposomes and
TGA-MNA-chitosan TGA-MNA-chitosan-coated liposomes,
respectively, compared to a calcitonin
buffer solution
2. 03 - Chitosomes exhibited high drug levels in
Ciprofloxacin a. PC:SA 10:0.5 b’ NR the external eye of albino rabbits
hydrochlo- PC:DCP 10:1 ) compared to uncoated liposomes and the [37]
. c. 85 . . .
ride b. TFH . commercially available eye drop, with no
d. Chitosan o
ocular irritation
a. 05 - Trimethyl chitosan with HMW (450 kDa)
Coenzyme a. SPC:CHO 83:17 * b. 100; 450 led to higher precorneal retention times (28]
Q10 b. EIM+ sonication c. >85 than that of LMW (100 kDa) and
d. Trimethyl chitosan liposomes
. a. HSPC:PS:CHO a. 0.25 - After tpplcal mstlllathn 1n.rabb1ts,
Cyclosporin 401:1 b. 540 cyclosporin A concentrations in cornea, [79]
A b. EIM c. 94 conjunctiva and sclera were higher in

d. Chitosan chitosomes than in liposomes
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Table 10. Cont.

Chitosan or Chitosan

Liposomes Derivative
Dru a Cfm osition a. Concentration (% w/v) Permeability and drug Penetration Ref
8 - -omp b. MW (kDa) Effect
b. Preparation Method c. DD (%)

d. Chitosan Type

- Diclofenac sodium-loaded chitosomes

. a. HSPC:PS:CHO a.0.250.5 improved the transcorneal drug
Diclofenac b. 540 )
. 3:0.1:1 penetration rate compared to uncoated [12]
sodium c. 97 : . .
b. EIM ) liposomes or commercially available eye
d. Chitosan . e
drops with no ocular irritation
- The apparent permeability coefficient of
a. EPC:solutol HS15 a. 0.1 ﬂurblprofen—loaded deforrpable
. b. 50 chitosomes evaluated using isolated
Flurbiprofen 7.5:1 . [61]
b. Modified EIM c. 95 rabbit corneas was 1.29-fold greater than
' d. Chitosan that of uncoated flurbiprofen-loaded
deformable liposomes
- Chitosomes increased the apical to
a. 05 basolateral permeability of furosemide b
: a. SPC:CHO 10:1 b. NR P o Y
Furosemide . 8-fold through Caco-2 cells compared to [4]
b. TFH+ sonication c. NR . .
. furosemide loaded liposomes and
d. Chitosan . .
furosemide solution
a. Lecithin:SDC 15% * a. 0.3 - (,jhlt.o.san—coa.ted elastic lllposo.mes
. . - b. 150 significantly improved lidocaine
Lidocaine b. TFH+ sonication+ . . . [48]
extrusion c. 90 hydrochloride skin permeation compared
d. Chitosan to elastic liposome and chitosan solution
a. EPC 2% * s ’ 1(\)111{ -Resveratrol permeated skin animal with
Resveratrol ; oo ' 40.42 and 30.84% for chitosomes and [42]
b. TFH+ sonication c. NR 1i es. tivel
d. Chitosan iposomes, respectively

3.9.4. Cytotoxicity

Chitosomes proved a high cell attraction which potentially increased the cellular
drug uptake leading to drug cytotoxicity as demonstrated by MTT assay [55]. Table 11
reported an enhanced cytotoxic effect on several cancer cell lines for various drug-loaded
chitosomes or -modified chitosomes when compared to drug-conventional liposomes and
free drugs. It is important to note that the cell viability decreased with increasing chitosan
concentration [79]. In addition, the pH affects the surface charge of glycol chitosomes
leading to an improvement in their antitumor efficacy compared to uncoated liposomes
(Table 11) [23].

3.9.5. Other Biological Effects

The coating of the liposomes with chitosan and its derivatives confers not only high
mucoadhesion capacity, antimicrobial activity and enhanced carrier permeability but also
enhanced other biological activities, including anti-inflammatory, immune-stimulatory
effect, analgesic and suppression of gene expression as reported in Table 12.
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Table 11. Cytotoxicity and anticancer effect of drugs: conventional liposomes and chitosomes. The liposomal composition

is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Drug

Liposomes
a. Composition

b. Preparation Method

Chitosan or Chitosan
Derivative

a. Concentration (% w/v)

b. MW (kDa)
c. DD (%)
d. Chitosan Type

Cytotoxicity and Anticancer Effects of
Drugs

Ref

Butyric acid

a. PC:CHO 20:5 *
b. TFH+ sonication

a. 0.1
b. NR
c. NR
d. Chitosan

- Chitosomes displayed higher
cytotoxicity against human
hepatoblastoma HepG2 cells with an IC50
value of 1.6 mM after 72 h of incubation
than uncoated liposomes (2.7 mM) and
free butyric acid (4.5 mM)

[72]

Cyclosporin
A

a. HSPC:PS:CHO
4:0.1:1
b. EIM

a.0.25;0.5;1;2
b. 540
c. 94
d. Chitosan

- Chitosomes and liposomes loading
cyclosporin A demonstrated low toxicity
to rabbit conjunctival epithelium cells

[79]

Docetaxel

a. Lipoid S100:CHO:
Tween-80:SDC:DCP
0.9:0.3:0.1:0.1:0.1
b. TFH+ sonication

a. 1l
b. NR
c. NR
d. Chitosan

- Uncoated deformable liposomes
displayed 52% of human colon cancer
HT-29 cell growth, and cell viability was
greatly reduced by 80% in deformable
chitosomes, indicating enhanced cytotoxic
activity for deformable chitosomes

[55]

Doxorubicin

a. HSPC:CHO NR
b. TFH+ extrusion

a. NR
b. NR
c. NR
d. Glycol chitosan

- Glycol chitosan-coated
doxorubicin-loaded liposomes resulted in
a 64% reduction in HT1080 cells viability
at pH 6.5 and less than 15% reduction at
pH 7.4 compared to uncoated liposomes
exhibiting less than 20% reduction in
viability regardless of pH

[23]

Doxorubicin

a. HSPC:CHO NR
b. TFH+ extrusion

a. NR
b. NR
c. NR
d. Glycol chitosan

- Hematoxylin and eosin-stained tumor
sections excised from tumor-bearing mice
following intravenous injection of free
doxorubicin and doxorubicin-loaded
liposomes and glycol chitosan-coated
doxorubicin-loaded liposomes showed
the strongest antitumor effect for glycol
chitosan-coated doxorubicin-loaded
liposomes

[23]

Furosemide

a. SPC:CHO 10:1
b. TFH+ sonication

a.0.5
b. NR
c. NR
d. Chitosan

- Chitosomes showed less cytotoxicity
toward Caco-2 cells than uncoated ones

Paclitaxel

a. Lecithin:CHO:SA
1.225:0.575:0.1
b. TFH+ sonication

a. 0.1
b. 50
c. NR
d. Chitosan

- Chitosomes enhanced paclitaxel-induced
cytotoxicity in human cervical cancer cells
compared to paclitaxel loaded-liposomes

[74]

Rifampicin

a. EPC:CHO 2:1
EPC:PG:CHO 9:1:5
DSPC:CHO 2:1
DSPC:PG:CHO 9:1:5
b. TFH+ sonication

a. 0.001-0.66
b. NR
c. 87

d. Chitosan

-The toxicity of rifampicin-loaded
liposomes towards A549 epithelial cells
was lower compared to the free drug for
all the vesicles types (negatively charged
and non-charged ones), especially
chitosan-coated ones

(32]

si
RNA-VEGF
si
RNA-H1F1-x

a. HSPC:CHO 1:1

HSPC:DCP:CHO1:0.1:1
HSPC:SA:CHO1:0.1:1

b. TFH+ sonication

a.l
b. 75
c. 75-85
d. Chitosan

- Chitosomes showed 96% of MCF7 cancer
cell viability. However, anionic and
cationic liposomes showed reduced cell
viability of 76.27 and 67.79%, respectively

[75]
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Table 11. Cont.

Chitosan or Chitosan

Liposomes Deriva'tive .. .
D C i a. Concentration (% w/v) Cytotoxicity and Anticancer Effects of Ref
rug a. Composition e
b. Preparation Method b. MW (kDa) Drugs
) c. DD (%)
d. Chitosan Type
a. 0.1 -Both chitosomes and liposomes loading
Substance P & Lecithin:CHQ 29:3.3 * b. NR substanc.e P showed no toxic effect on [34]
b. TFH+ sonication c. 88 keratinocytes at different tested
d. Chitosan concentrations

Table 12. Other biological effects of drugs: conventional liposomes and chitosomes. The liposomal composition is indicated

in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Drug

Liposomes
a. Composition

Chitosan or Chitosan
Derivative
a. Concentration (% w/v)
b. MW (kDa)

Other Biological Effects

b. Preparation Method

c. DD (%)

d. Chitosan Type

- Chitosomes showed higher

Ref

Butyric acid

a. PC:CHO 20:5 *
b. TFH+ sonication

a. 0.1
b. NR
c. NR
d. Chitosan

anti-inflammatory effects by
reducing IL-8, IL-6, TNF-« and
TGF-f3 expression in HepG2 cells
compared to free butyric acid
and butyric acid-loaded
liposomes at different tested
concentrations

Nonspecific immune parameters

[72]

Extracellular
proteins

a. Lecithin 100 mg
b. EIM

a.0.3
b. NR
c. NR
d. Chitosan

myeloperoxidase, respiratory
burst, hemagglutination,
hemolytic, antiprotease activity
and bacterial agglutination
activity were tested after
parenteral immunization in fish
and rabbits. The specific
antibody level was also
measured. Chitosomes showed
significantly higher specific and
nonspecific immune responses
than the liposomes

[57]

Lidocaine

a. Lecithin:SDC 15% *
b. TFH+ sonication+
extrusion

a. 0.3
b. 150
c. 90
d. Chitosan

- Chitosan-coated elastic
lidocaine loaded liposomes
revealed greater suppression of
formalin-induced nociceptive
behavior in mice transdermally
treated, thus a better analgesic
effect compared to elastic
liposome and chitosan solution

(48]
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Table 12. Cont.

Chitosan or Chitosan

Liposomes Derivative
Drug a Cfmposition a. Concentration (% w/v)
b. Preparation Method b'CM];:;(}f,/D)a)

d. Chitosan Type

Other Biological Effects Ref

a. HSPC:CHO 1:1 a.l
si RNA-VEGF HSPC:DCP:CHO 1:0.1:1 b. 75
si RNA-H1F1-« HSPC:SA:CHO 1:0.1:1 c. 75-85

b. TFH+ sonication d. Chitosan

- VEGF and HIF1-« protein
levels in cells treated with
anionic liposomes were
significantly lower than those
treated with cationic and
chitosan-coated ones.

- In vitro codelivery of siVEGF [75]
and siHIF1-« in breast cancer
cells using chitosomes
significantly inhibited VEGF
(89%) and HIF1-« (62%) protein
expression compared to other
liposome formulations.

4. Multilayer Coating of Polyelectrolytes on the Liposomes

A few studies have developed a polyelectrolyte delivery system (PDS) based on
liposomes coated with alternating layers of polysaccharides, such as chitosan, alginate,
hyaluronate or pectin [64,78,80,89,90]. PDS is represented in Figure 5, in which positively
charged chitosan was self-assembly coated onto the anionic liposome surface, and neg-
atively charged alginate, hyaluronate or pectin was then deposited on the outer layer of

cationic liposomes.

HO,

HO NH;
CH,0H o
..o o
0 Ho-
o Ho. NH

CH,0H o 0"

Chitosan

+

Liposome

) — (@

N
Chitosan-coated liposome

> Na OH

:
o
<0 oS
8 o e i

OH
s

Or o

oH Sodium Hyaluronate

w), =

\L’_/

Alginate/Hyaluronate/Pectin-
chitosan-coated liposome

Figure 5. Preparation of polyelectrolyte delivery system layer-by-layer self-assembly of chitosan and

alginate/hyaluronate/pectin onto the liposome.

The effect of alternating layers of cationic and anionic polysaccharides on the lipo-
some surface is presented in this section. The characteristics of PDS in comparison to
chitosomes and conventional liposomes are presented in Table 13. The adsorbed polymers
on the liposomal surface caused a negative zeta potential, an increase in the membrane
thickness [89,90], in size [64,78,80,89,90], and in drug EE, which increased with increasing

layers of polyelectrolytes [89].
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Table 13. Comparison of size, zeta potential, stability and drug release between polyelectrolyte delivery system (PDS), chitosomes and conventional liposomes. The liposomal composition
is indicated in the table in molar ratio except when * exists, indicating a weight ratio (w/w).

Liposome Chltosa1.1 o a Amom? Size (nm) Zeta Potential (mv)
. a. Concentration (% Polysaccharide
a. Composition wlv) b. Concentration (% a. PDS a. PDS Drug Release Ref
b. Preparation Method ) ° b. CH-LP b. CH-LP 8
c. Drug/EO b. MW (kDa) wfv) c. UN-LP c. UN-LP
) c. DD (%) c. MW (kDa) ’ ’
. . - BSA released from uncoated liposomes is
a DPPC'EI_II{O' DDAB a. 0.1 a. Alginate a. 345+ 109 a. 36.6 faster than from PDS
b. TFH+ extrusion b.91.11 b. 0.1 b. NR b. NR - The increase in coating thickness by [89]
' « BSA c. 85 c 12 c. 180 +10.5 c. 354 increasing polyelectrolyte layers number
' decreased protein release rate
- PDS strongly reduced the leakage of EO
a. Lecithin:CHO 5:1 a. 0.0025-0.01 a. Pectin a. 642 + 7-3235 + 7 a.-19.3--135 U Osomefsr‘e’gi‘ft;pf}f:?ieies ¢ release
b. TFH+extrusion b. NR b. 0.0025-0.01 b. 530 £ 5-793 + 7.5 b. 34.2-45.4 rgte (88.2%), followed by c%ﬂtosomes [78]
c. Chrysanthemum sp. c. NR c. NR c.98+6-231+9 c. -37.6—-27.7 (60.2%), and lastly, by triple layer
liposomes (25.2%)
a. Lipoid S751,2,5% * .
b. High shear disperser + a. 1l a. Pectin a. 98-343 a.-25
microfluidization b. NR b. 0.005-0.1 b. 60-150 b. 78 NR [91]
c. Hibiscus extract c--29
a. SPC:CHO: - In SGE, all liposomes formulations
Twéen—Sd' 6:1:1 .8 " showed low medium-chain fatty acids
b. TFH+ hi h— .re.ssure a. 170 + 28-3229 + 203 a. 1.5--16.1 release rates (29.8 and 20.4% for the
i ﬂu% difaﬁon b. 124 + 19-255 + 35 b.-1.1-3.1 liposomes and PDS, respectively) [90]
c. Medium-chain fat c. -6.3 - In SIF, liposomes exhibited the highest
’ acids ty medium-chain fatty acids (79.8%) release
rate compared to PDS (56.9%)
- Uncoated liposomes exhibited the highest
a. EPC:CHO: DHP a. Sodium hvaluronate a. -50 quercetin released amount after 24 h (62%
10:2.5:1 ' Y o NR at pH 5.5 and 50% at pH 7.4) (50]
b. TFH+ sonication c .-38 2 - Quercetin exhibited a sustained release as

¢. Quercetin

the number of polyelectrolyte layers
increased up to 5 (below 20% at both pH)
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Table 13. Cont.

Chitosan

a. Anionic

Liposome . o . Size (nm) Zeta Potential (mv)
e a. Concentration (% Polysaccharide
a. Composition wlv) b. Concentration (% a. PDS a. PDS Drug Release Ref
b. Preparation Method ) ’ b. CH-LP b. CH-LP 8
c. Drug/EO b. MW (kDa) wiv) c. UN-LP c. UN-LP
- OTug c. DD (%) ¢. MW (kDa) : :
In SGF, all liposome formulations showed
a. SPC:CHO: Tween-80 low vitamin C release rates (25, 27 and 14%
6:1:1.8 * a. 0.6 a. Alginate a. 1809 + 210 a.-25.2 for the liposomes, chitosomes and PDS,
b. TFH+ high-pressure b. 50 b. 0.5 b. 1098 + 46 b. 245 respectively). In SIF, PDS exhibited the [64]
microfluidization c. NR c. 12 c. 601 £76 c. -12.5 slowest vitamin release rate (10%)

c. Vitamin C

compared to chitosomes (30%) and
liposomes (82%)
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It has been reported that the addition of polyelectrolyte layer improved liposomal
stability. For example, triple-layer liposomes composed of chitosan and pectin-loading
hibiscus extract were more stable than the liposomes after 30 days of storage at 25 °C with
the highest stability obtained with PDS [91]. In addition, triple-layer liposomes containing
Chrysanthemum sp. exhibited better stability after 60 days at different temperatures
(4, 12, 25 and 37 °C) in terms of particle size, pdl and zeta potential than conventional
liposomes and chitosomes [78]. Liposomes modified by chitosan and alginate were stable
after 12 months at room temperature without significant changes in their size [89]. PDS
systems were not only proved to be stable at aqueous suspensions but also in lyophilized
forms. The lyophilization of PDS in the presence of sucrose maintained their size and zeta
potential values as those before lyophilization [89].

It is important to note that medium composition (pH and NaCl concentration) affected
the PDS stability. PDS size increased significantly from 170 nm at pH 1.5 to 410 nm at pH 5
then decreased to 235 nm at pH 9. However, uncoated liposomes maintained stable at
different pH. In SGF, both liposomes and PDS showed a slight change in size for 120 min.
In SIF (pH 7.4), compared to the liposomes (from 107 to 114 nm), PDS size increased
significantly from 335 to 620 nm over 15 min of digestion and decreased to 530 nm at the
end of digestion [90]. In addition, high NaCl concentration (200 mM) at pH 5.5 induced
more alteration of PDS than chitosomes and uncoated liposomes in appearance and mean
diameter, but the cores (liposomes) of these systems were maintained stable [64]. The
following mechanism explained the PDS stability affected by the medium composition. At
low pH conditions (pH 1.5), outer-layer alginate shrank and converted into an insoluble
so-called alginic acid skin which protected chitosan from dissolution. With pH value
increase (even in SIF conditions), there was a decrease in the number of charged cationic
groups on chitosan. Thus, the electrostatic interaction between the carboxyl group of
alginate and the amino group of chitosan was weaker, medium gradually entered into the
particles, and the mean diameter increased. The subsequent decrease in mean diameter
could be due to some of the alginate being progressively dissolved. In addition, in SIF
conditions, this decrease in the size was explained by the higher affinity of chitosan to
bile salts ions than to the liposomes [90]. This was supported by the influence of ionic
concentration in the medium on the PDS stability. At pH 5.5 and in the presence of low
ionic NaCl concentration, the carboxyl group of alginate was ionized, and the amine group
of chitosan was protonated. Interaction in the polyionic complex could govern the alginate—
chitosan-coated liposomes to swell water to fill the void regions of the polymer network
between alginate and chitosan. When they encountered electrolyte solutions, such as high
NaCl concentrations, the equilibrium state was provoked. Ions competed with polymers
to interact with water, electrostatic interaction and steric force were weakened, resulting
in the erosion of alginate—chitosan-coated liposomes and phase separation between water
and particles [64].

In addition, the concentration of anionic polysaccharides affects the PDS stability,
where both a higher and lower addition of pectin to chitosan-coated liposomes above
or below the concentration of saturation resulted in the destabilization of the liposomes
via bridging flocculation [91]. The temperature also affects the PDS stability. PDS size
decreased after 1 h at 70 °C due to the degradation of the outer layer alginate at high-
temperature. The following increase of particle size may be due to the increased propensity
for inter-chain cross-linking of chitosan under the influence of heating [90]. Moreover,
PDS composed of 2 polyelectrolytes layers were stable after 3 weeks at 25 °C, whereas a
size increase and flocculation were obtained for those composed of 3 to 5 polyelectrolytes
layers [80].

PDS delayed the release of encapsulated contents in SGF and SIF compared to chi-
tosomes and conventional liposomes due to several possible mechanisms as follows: (a)
there was a physical barrier (shrunken alginate network at low pH and insoluble chitosan
layers at high pH) formed on the liposome surface and then enzyme (pancreatic lipase,
phospholipase A2, and cholesterol esterase) was restricted to contact with the liposomal
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phospholipids; (b) electrostatic bridges existing between the phospholipids and polymers
reduced the lipid bilayer permeability [90]; (c) formation of a denser shell through the ionic
interaction of the two polymers [80].

In vitro skin permeability studies showed that negatively charged sodium hyaluronate-
chitosan-coated liposomes and positively charged chitosomes have similar skin perme-
ability, which was superior to uncoated liposomes. This was explained by the abil-
ity of hyaluronate to increase the stratum corneum hydration due to its water uptake
properties [80].

5. Encapsulation of Essential Oils: Chitosomes vs. Liposomes. Novel Formulation
Strategies for Old Antimicrobials

In the last decades, a growing interest in using plant-based antimicrobials has been
known a rise, and special attention was given to EOs. EOs are products obtained from
aromatic plants by physical processes of distillation or pressing [92]. They contain volatile
compounds stored in plant’s specialized structures to offer protection against various
insults, including pathogen (bacteria, fungi, viruses) attacks [93]. EOs are complex mix-
tures of small lipophilic molecules, of which one up to three compounds constitute the
main phytochemical markers; still, other minor compounds contribute by phyto-synergic
interactions to the overall bioactivity of EOs [94,95].

Isolation of EOs from plant matrices is classically achieved by hydrodistillation (steam
or water distillation), but other methods, such as cold and hot expression, microwave-,
ultrasonic-solvent free and supercritical fluid extraction, are also employed [96,97].

Generally, EOs constituents are regarded as safe (GRAS) by the FDA, a status that
permitted the use of EOs as flavoring agents in food and as additives to cosmetics, perfumes,
and cleaning products [94]. In addition, the combination of orange essential oil and
trehalose was found to have a great impact on barrier protection against UV-vis radiation.
This synergistic effect is potentially useful in using these films as protectants for food
packaging and improvers of shelf life and food quality [98]. More, EOs possess a broad-
spectrum of significant biological activities with applications in medical and pharmaceutical
sectors, but also in agriculture as crop protectants [99-101]. Moreover, their potent and
broad-spectrum antimicrobial effects have generated impressive reports in the scientific
literature. Thus, several mechanisms of activity have been proposed for EOs and their
constituents, including disruption of the phospholipid bilayer of cell membranes, inhibition
of efflux pumps, impairment of metabolic pathways, inactivation of genetic material,
and anti-quorum sensing effects [102-107]. Compared to antimicrobial drugs, EOs act
concurrently towards different microbial targets due to their multicomponent nature, which
constitutes an advantage in tackling microbial resistance [108]. In addition to their broad
antimicrobial spectrum, EOs have antioxidant, immunomodulatory, anti-inflammatory;,
and wound healing effects, which highlight them as candidates for the clinical development
of novel antimicrobial agents [102,109].

EOs constituents are extremely sensitive to oxygen, light, heat, and humidity. In
addition, their low water solubility and bioavailability hamper the clinical use of EOs.
Therefore, encapsulation has been widely used to overcome such limitations but also to
ensure targeted delivery and to boost the antimicrobial efficacy of EOs [92,107,110,111].

Among the nanoformulated delivery systems, the ability of liposomes to entrap EOs
is commonly reported in the literature [112-114].

This section is intended to shed light on the advantages of combining liposomes
with the primary chitosan coating (chitosomes) as well as secondary coatings (alginate,
hyaluronate, pectin) to overcome the drawbacks of conventional liposomal formulations
(aggregations and fusion followed by leakage of their content during storage). Although the
application of chitosomes for EOs encapsulation is still in its infancy, it deserves attention.

Considering the antimicrobial propensities of chitosan, such systems are promising
tools for the increase of EOs antimicrobial efficacy. Chitosomes could allow targeted
delivery of EOs, but also could avail their release, prolonging their bioactivity. They could
also reduce the side effects of EOs upon local and systemic administration to humans.
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Therefore, the elucidation of their mechanisms of activity and toxicity in biological systems
could pave the way for their use in clinical antimicrobial chemotherapy. Moreover, these
formulations might modify the sensory properties of foods and drinks and allow their
application as preservatives in the food industry.

Still, EOs chemical composition must be well-characterized, and their encapsula-
tion into chitosomes should focus on these particularities for the development of sound
therapeutic approaches.

6. Conclusions

Chitosan has emerged as an important biomaterial for drug delivery. The charac-
teristics of drug-loaded chitosomes and conventional liposomes were compared in this
review. The addition of a chitosan layer on the liposome surface resulted in a liposomal
size increase and inversion of Zeta potential from negative to positive values. Both size and
Zeta potential increased as the chitosan concentration increased until reaching a saturated
value. Chitosomes showed an acceptable degree of polydispersity and did not affect the
liposome morphology. The chitosan or chitosan derivatives layer improved liposomes
stability, even in GI fluid, as well as against severe physical stress during freeze-drying. The
results of many studies suggested a sustained drug release from chitosomes, an enhanced
mucoadhesivity and skin drug penetration compared to uncoated liposomes. Chitosomes
enhanced drug bioavailability as well as their biological effect. The mechanisms control-
ling drug EE, vesicle stability and drug release in chitosomes depend on many factors,
such as physicochemical drug characteristics, medium pH, chitosan MW and chitosan
concentration that should be taken into consideration in chitosomal preparation. Chitosan
should be added at a saturated concentration to ensure vesicle stability, where coacervates
and bridging flocculation may occur, respectively, below this concentration and in the
presence of excess chitosan concentration. Moreover, the primary amino groups of chitosan
protonated at acidic pH electrostatically interacted with negatively charged phospholipids
on the liposome surface, showing higher stability and lower drug release rate for various
drugs used compared to those obtained at high pH values.

The addition of polyelectrolytes, such as alginate, sodium hyaluronate and pectin,
could further enhance the efficacy of chitosomes due to the formation of a denser shell
through the ionic interaction of the two polymers, keeping in mind the effect of the medium
pH and polyanionic acid concentration on this interaction. Covering the surface of the
liposome with chitosan could be, therefore, considered as a promising strategy to enlarge
liposomal applications in areas such as hematology, immunology, pharmaceutics, drug
delivery, food packaging and cosmetics.
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CH-LP
CHO
Cmax
DCP
DD
DDAB
DHP
Dil

DPPC
DPPE-MCC

DSPC
EO
EPC
FD-RH
GI
H1F1-a;
hypoxia inducible factor 1
HMW
DSPE
EE

EIM
EO
EPC
FD-RH
GI
H1F1-«;
hypoxia inducible factor 1
HC1
HMW
HPTMA
HSPC
ICso
ISCRPE
LMW
MDA
MFGM
MTT
MW
NR
PBS

PC

pdI
PDS
PEG
PG

PS

Ref
REV
SA
SDC
SGF
SIF

SPC
TFH
UN-LP
VEGF

chitosan-coated liposomes

cholesterol

maximum plasma concentration

dicetylphosphate

degree of deacetylation
dimethyldioctadecyl-ammonium bromide
dihexadecylphosphate
1,1"-dioctadecyl-3,3,3’,3’-tetramethylindo carbocyanine
perchlorate

L-a-dipalmitoylphosphatidylcholine
1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-N-[4-(p
maleimidomethyl) cyclohexane-carboxamide];
distearoylphosphatidylcholine

essential oil

egg phosphatidylcholine

freeze-drying followed by rehydration
gastro-intestinal

high molecular weight
distearoylphosphatidylethanolamine
encapsulation efficiency

ethanol injection method

essential oil

egg phosphatidylcholine
freeze-drying followed by rehydration
gastro-intestinal

hydrogen chloride

high molecular weight
N-[(2-hydroxy-3-trimethylamine) propyl] chloride
hydrogenated soy phosphatidylcholine

half inhibitory concentration

improved supercritical reverse-phase evaporation method
low molecular weight

malonaldehyde

milk fat globule membrane
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
molecular weight

not reported

phosphate-buffered saline

phosphatidylcholine

polydispersity index

polyelectrolyte delivery system

polyethylene glycol

phosphatidylglycerol

phosphatidylserine

references

reverse phase evaporation

stearylamine

sodium deoxycholate

simulated gastric fluid

simulated intestinal fluid

soy phosphatidylcholine

thin film hydration

uncoated liposomes

vascular endothelial growth factor
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