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Abstract

Galangin is a natural flavonol with high antioxidant properties and has a wide
range characteristics of biological activity spectrum. Galangin has low solubility,
permeability, and bioavailability, limiting its therapeutic use like many flavonoids.
In this study, nano-sized polyelectrolyte liposomes were developed and character-
ized to overcome the properties that limit the use of galangin. The various param-
eters (phospholipid/solvent ratio, cholesterol/solvent ratio, time and galangin/sol-
vent ratio) were optimized with a response surface methodology-central composite
design to develop liposomes with maximum encapsulation efficiency using the
thin-film hydration method. An optimum liposome formulation was developed with
93.77 £0.05% encapsulation efficiency, a spherical large unilamellar vesicle with a
size of 485.5+128.41 nm, and a zeta potential of —48+7 mV. The optimum lipo-
some formulation was coated with polyelectrolyte biopolymer chitosan (CH) and
gum arabic (GUA) using the layer-by-layer deposition method to improve its stabil-
ity and drug release profile. The CH-liposome has a size of 208.05 +73.04 nm and a
zeta potential of +40 +5 mV. The GUA-CH-liposome has a size of 266.60 + 8.49 nm
and a zeta potential of —6 mV. Fourier transform infrared spectroscopy analysis
showed that galangin was encapsulated without disturbing the liposome structure
and the polyelectrolyte coated the surface with electrostatic interaction. At the end of
the in vitro release study, GUA-CH-liposome released 23.84% of galangin. Regard-
ing stability, drug loading capacity of GUA-CH-liposome, which was 93.77 +0.05%
on day 0, changed to 92.72+0.51% at+4 °C, 93.09+0.01% at room temperature
and 93.15+0.01% at —24 °C on day 28.
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Introduction

Galangin (3,5,7-trihydroxyflavone, GA) is a natural bioactive flavonol, which
belongs to the class of flavonoids, and is the main component of Alpinia offici-
narum Hance (AO) [1]. The flavonoid ring of galangin indicates high antioxidant
activity [2], and this has been studied and published many times before. In addi-
tion to this antioxidant activity, galangin shows a wide range of characteristics of
biological activity spectrum such as antimicrobial, anti-viral, anti-inflammatory,
anti-mutagenic, and anti-tumor activities [3]. In contrast to all its biological activi-
ties, galangin has limited therapeutic use due to its low solubility in water, oxidative
instability, low permeability, as well as low bioavailability [4].

Encapsulation is a technique that focuses on increasing bioavailability, solubil-
ity, stability, protection from environmental factors, and controlled drug release [5]
of bioactive compounds such as polyphenols, which are suitable for use in many
fields but have low bioavailability. This technique involves producing nano- or
micro-dimension capsules [6] by covering bioactive compounds with a wall mate-
rial, e.g., carbohydrate, lipid, or polymer. The encapsulation process is divided into
two categories: microencapsulation, in which capsules are formed in the range of
1-1000 pm, and nanoencapsulation, in which capsules are formed in the range of
1-1000 nm [7]. Nanoencapsulation has been used in many fields for many years as
it significantly advances encapsulation efficiency, drug loading capacity, targeting,
stability, bioavailability, and a controlled release profile [8]. Using this technique,
nano-sized drug delivery systems can be developed and generated such as particles,
capsules, niosomes, spheres, emulsions, micelles, and liposomes [9].

Liposomes are spherical lipid vesicles composed of an aqueous core and one or
more lipid bilayer shells [10]. They consist of two basic components; phospholipids
and cholesterol [11]. Phospholipids are amphiphilic molecules consisting of a polar
head and a nonpolar tail [12]. During liposome formation, the phospholipid mol-
ecules form a bilayer and surround the aqueous phase, while the cholesterol mol-
ecules are embedded in the bilayer structure [13]. Eventually, a spherical liposome
with an aqueous core and a phospholipid bilayer shell is formed, and cholesterol
molecules stabilize the liposome structure [14]. This liposome structure is like an
imitation of a biological cell membrane and can encapsulate both hydrophilic and
hydrophobic bioactive compounds; hydrophilic compounds are embedded in the
core and hydrophobic compounds are embedded in the wall material [15]. Thus, it
easily transports bioactive compounds with different structures and solubility to bio-
logical cells [16].

Liposomes are biodegradable, biocompatible, non-toxic, targeted, and easily
functionalized [17]. Liposomes, despite all “their”” good properties, had low stability
and are easily effected by environmental conditions due to fast hydrolysis and oxida-
tion of lipids [18]. The coating of liposomes provides a solution to their low stabil-
ity problem and preserves the physical and chemical properties of liposomes and
can change charge, size, and morphology [19]. For this purpose, biopolymers such
as chitosan, alginate, gum arabic [20] and synthetic polymers such as polyethylene
glycol (PEG) and polyvinyl alcohol are often used as coating materials [21]. The
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most commonly used method for coating liposomes is LbL deposition. This method
is based on the electrostatic deposition of oppositely charged coating materials and
liposomes can be coated with one or more layers using this method [22].

In the last decade, galangin-loaded niosomes [23], polymeric micelles [24], nano-
structured lipid carriers [25], liposomes [26], nanoparticle [27], and PEG-modified
liposomes [28] have been developed. However, no galangin-loaded polyelectrolyte
biopolymer (chitosan-gum arabic)-coated liposomes have been developed The aim
of this study is to obtain maximum encapsulation efficiency by optimizing various
parameters (phospholipid/solvent ratio, cholesterol/solvent ratio, time and galangin/
solvent ratio) for the production of galangin-loaded liposomes by using response
surface methodology. Optimum liposome formulation (O-liposome) was coated
with polyelectrolyte biopolymer by LbL deposition and their sizes, zeta potentials,
polydispersity index, surface morphologies, stability, and in vitro drug release were
characterized.

Material and method
Materials

Ethanol, formic acid, and acetic acid were purchased from Merck (Darmstadt, Ger-
many). Acetonitrile in HPLC grade, Chitosan (Medium molecular weight), Gum
arabic from the acacia tree, and Cholesterol were purchased from Sigma-Aldrich
(St. Louis, MO., USA). Lecithin (L-a-phosphatidylcholine) from soybean was pur-
chased from Tito (izmir, Turkey). AO root powder was purchased from a local mar-
ket in Bursa, Turkey.

Method
Extraction of galangin

The extraction of galangin from Alpinia officinarum was prepared as described by Li
et al., 2022 with little modifications. 20 g of AO root powder and 100 mL of abso-
lute ethanol were placed in a glass flask at room temperature for 4 h in a magnetic
stirrer. The ethanolic extract was then filtered through a filter paper and separated
from the solid phase and it was stored at 4 °C until use [29].

High performance liquid chromatography (HPLC-DAD)

The Agilent 1200 Series HPLC-DAD system including an autosampler, vacuum
degasser, and binary pump and diode array detector was used for the chromato-
graphic analysis of GA in AO root powder. The chromatographic separations were
performed using an XBridge C18 (4.6X250 mm, 3.5 pm) column from Waters
(USA). The mobile phase contains 1% formic acid (solvent A) and acetonitrile
(solvent B) in water and the gradient conditions are as follows: 0—10 min 13%
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B, 1020 min 41.5% B, 20-25 min 70% B, 25-35 min 10% B. The flow rate was
0,6 ml/min, the injection volume was 20 pL and the total run time for the analysis
was 35 min [30].

Encapsulation efficiency

Encapsulation efficiency is determined by the chromatographic method. Liposome
formulations were centrifuged at 4500 g for 2 h. After centrifugation, the amounts
of GA remaining in the supernatant were determined by the HPLC. Encapsulation
efficiency was determined by this equation:

Encapsulation efficiency (%)=(The initial amount of GA —The remaining
amount of GA/The initial amount of GA) X 100.

Preparation of liposome

The liposome formulation was prepared as described by Zhu (2018) with little
modifications by the thin-film hydration method. Briefly, lecithin (phospholipid,
PC) solution (1-9 mg:mL), cholesterol (CHOL) solution (0.2—-1.8 mg:mL), and GA
solution (0.1-0.5 mg:mL) were dissolved in absolute ethanol in a boiling flask with
a final volume of 25 mL and the solution was kept in an ultrasonic bath at 40 °C
in the range of 15-55 min. After the ultrasonic bath, the solvent was evaporated
at 55 °C using a rotary evaporator and a clear lipid film was obtained. The lipid
film was hydrated with 10 mL of ultrapure water and filtered through a 0.45 pm
poly(vinylidene fluoride) filter and stored at 4 °C [26].

Experimental design

RSM is an experimental statistical technique that uses quantitative data from experi-
ments to explain multivariate scenarios simultaneously with multiple regression
analysis [31]. In this study, four parameters such as PC/solvent ratio, CHOL/sol-
vent ratio, time, and GA/solvent ratio were examined. The responses of combina-
tions of parameters were studied using a CCD to determine optimum conditions for
maximum encapsulation efficiency. The range of independent parameters studied for
CCD design is given in Table 1.
The total number of experiments (N) in a CCD can be calculated using Eq. (1):

N =2 4 2k +x, 1)

where k represents the number of variables, x is the replication number of the center
point. In this study, a five-level, four-factor CCD was applied, which required thirty
experiments for the optimization of liposome production parameters. Thirty experi-
ments were performed to optimize the liposome production parameters according
to Table 1. Twenty-four of these experiments were designed with six replications
to assess pure error. After applying multiple regression analysis to the experimen-
tal data, Eq. (2) containing all interaction terms was used to calculate the predicted
response:
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Table 1 CCD of factors with coded values (PC, phosphatidylcholine; CHOL, cholesterol; GA, galangin)

Treatment Factors

X, Xy X3 X4

PC/solvent ratio CHOL/solvent ratio Time(min) GA/solvent

(mg:mL) (mg:mL) ratio (mg:mL)
1 3 0.6 25 0.11
2 7 0.6 25 0.11
3 3 14 25 0.11
4 7 14 25 0.11
5 3 0.6 45 0.11
6 7 0.6 45 0.11
7 3 14 45 0.11
8 7 14 45 0.11
9 3 0.6 25 0.22
10 7 0.6 25 0.22
11 3 14 25 0.22
12 7 14 25 0.22
13 3 0.6 45 0.22
14 7 0.6 45 0.22
15 3 14 45 0.22
16 7 1.4 45 0.22
17 1 1 35 0.165
18 9 1 35 0.165
19 5 0.2 35 0.165
20 5 1.8 35 0.165
21 5 1 15 0.165
22 5 1 55 0.165
23 5 1 35 0.055
24 5 1 35 0.275
25 5 1 35 0.165
26 5 1 35 0.165
27 5 1 35 0.165
28 5 1 35 0.165
29 5 1 35 0.165
30 5 1 35 0.165

4 4 34
Y=bo+ D bx+ D bt + D byxix, )
i=1 i=1

i=1 j=i+l

where y is the response, b, is the constant, b;, b;;, bij are linear, quadratic, and inter-
action effects, respectively, and x; and x; are independent variables.
The Design Expert 7.0.0 software (Stat-Ease Inc., USA) was used for statistical

analysis results, and analysis variance (ANOVA), regression analysis, and drawing
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of response surface plots were performed to determine optimal conditions for lipo-
some production.

Coating of optimum liposome with polyelectrolyte

The coating of O-liposomes with CH (polycation) and GUA (polyanion) was pre-
pared as described by Ciu (2021) with modifications and LbL deposition in two
steps. Briefly, fresh CH solutions were prepared by dissolving CH in 1% glacial ace-
tic acid aqueous solution at a concentration of 0.625%, and fresh GUA solutions
were prepared in ultrapure water at a concentration of 2%. Both of the solutions
were stirred overnight and adjusted to pH 5.5 followed by filtration. The first layer
was accumulated by the addition of the O-liposome into the CH solution (1:1, v/v)
dropwise with a syringe and mixing slowly for 1 h. The second layer was accumu-
lated by the same procedure; the derived CH-liposomes were added dropwise with
a syringe to the GUA solution (1:1, v/v) and mixed slowly for 1 h and the derived
GUA-CH-liposomes pH was adjusted to 5.5 and centrifuged at 3000 g for 30 min
[32].

Characterization of liposome

The characterization of liposome formulations was studied by an FTIR spectrometer
(PerkinElmer, Spectrum 100, USA). The surface morphology of liposome formula-
tions was studied by FE-SEM (Field-Emission Scanning Electron Microscopy, Carl
Zeiss Gemini, Germany) at 3 kV (In BTU-MERLAB). Lyophilized liposome formu-
lations were placed on aluminum plates and covered with gold. The average size and
zeta potential of liposomes were measured at 25 °C using a dynamic light scattering
(DLS) instrument Malvern Zetasizer Nano-ZS (Malvern Instruments, UK).

In vitro drug release

GA releases of liposome formulations were investigated using the dialysis method.
In brief, liposome formulations and AO extract containing 4.75 mg/mL galangin
(liposomes contain 4.75 mg/mL galangin) as control were filled into dialysis bags
(14,000 MWCO, BioBasic, Canada) and immersed in phosphate-buffered saline
medium at 37 °C, pH 7.4. The medium was stirred at 100 rpm until the end of
300 min and kept at 37 °C. Aliquots of the medium were collected from the immer-
sion medium at intervals of 0 — 300 min and GA released from the liposome formu-
lations was measured at 360 nm by the UV-Vis spectrophotometer. The concentra-
tion of GA released from the liposomes was found by the standard GA calibration
curve [33].
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Stability study

The stability of the liposome formulations was determined based on their drug
loading capacity (%) (GA loading capacity of liposomes) at three different tem-
peratures, in the range of 1-28 days. Briefly, liposome formulations were stored
at+4 °C, —24 °C, and room temperature for 28 days. The samples were col-
lected at different time intervals for 28 days and the drug loading capacity was
determined at 360 nm in a UV-Vis spectrophotometer [20].

Drug loading capacity (%)= (The initial concentration of GA — The remaining con-
centration of GA/The initial concentration of GA) X 100.

Result and discussion
Fitting the models

The liposome production parameters were optimized using CCD associated with
RSM. The most favorable combination of variables includes PC/solvent ratio
(1-9 mg:mL), CHOL/solvent ratio (0.2-1.8 mg:mL), time (15-55 min), and GA/
solvent ratio (0.1-0.5 mg:mL) which were investigated for liposome production.
The coded values, experimental and predicted percentage of encapsulation effi-
ciency (explained in “Encapsulation efficiency” section) are given in Table 2.

Among the 30 experiments, 6 of which replicates, experiment 17 (PC/sol-
vent ratio; 1 mg:mL, CHOL/solvent ratio; 1 mg:mL, time; 35 min, GA/solvent
ratio; 0.3 mg:mL) showed the highest encapsulation efficiency of 93.19% and
experiment 23 (PC/solvent ratio; 5 mg:mL, CHOL/solvent ratio; 1 mg:mL, time;
35 min, GA/solvent ratio; 0.1 mg:mL) showed the lowest encapsulation efficiency
of 7.87%.

The Design Expert program (version 7.0.0) was used to calculate the effects and
interactions of each variable. Fitting the experimental data with several models and
analysis of variance (ANOVA) demonstrated that the encapsulation efficiency is
best identified by a quadratic polynomial model. According to Table 3, the quadratic
polynomial model, with a p value of less than 0.0001 from ANOVA, is qualified to
illustrate the actual relationship between the response and the significant parameters.
The model F value of 75.63 demonstrates that the model is in the 95% confidence
interval.

Response surface analysis
The effects of factors such as PC/solvent ratio, CHOL/solvent ratio, time, and GA/
solvent ratio for the production of liposomes were investigated. The response sur-

face analysis shows that the relationship between encapsulation efficiency and lipo-
some production parameters (Table 3) such as PC/solvent ratio, CHOL/solvent
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Table 2 CCD of factors with

experimental and predicted Treatment Encapsulation efficiency (%)
values Experimental Predicted
1 34.43 34.04
2 21.38 23.64
3 40.52 40.63
4 20.83 17.22
5 30.14 2991
6 21.30 21.83
7 32.88 35.38
8 12.34 14.31
9 53.87 53.43
10 32.08 28.51
11 71.02 69.42
12 29.75 31.50
13 41.48 44.02
14 20.02 21.44
15 59.64 5891
16 24.00 23.32
17 93.19 92.55
18 46.37 46.56
19 19.43 18.60
20 26.70 27.07
21 26.93 29.91
22 21.02 17.59
23 7.87 6.54
24 34.06 34.94
25 19.29 18.96
26 14.64 18.96
27 16.56 18.96
28 22.24 18.96
29 17.73 18.96
30 23.32 18.96
-(ri?\l%i/ A/?I}?)lrytslii (gftt\;?iriance Source Liposome production (R=0.9860)
quadratic polynomial model DF SS MS F value p value
for optimization of liposome
production parameters Model 14 9676.57 691.18 75.63 <0.0001
Lack of fit 10 81.20 8.12 0.73 0.6887
Pure error 5 55.89 11.18

DF Degree of freedom; SS Sum of squares; MS Mean square
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Table 4 Second-order polynomial equations and regression coefficients of the response variables
Responses

Second-order polynomial equations

Encapsulation efficiency (%) y =44.26—-22.38x; + 9.17x,=7.03x3 + 19.53x,

—3.25x,x,—7.26x,x,—4.70x,x4 + 12.65)&

x, PC/solvent ratio; x, CHOL/solvent ratio; x; Time; x, GA/solvent ratio

Encapsulation efficiency (%)
Encapsulation efficiency (%)
Encapsulation cl“cicl]cy (%)
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Fig. 1 Response surface plots of liposome production showing the effects of a PC/solvent ratio and

CHOL/solvent ratio, b PC/solvent ratio and GA/solvent ratio, and ¢ CHOL/solvent ratio and GA/solvent
ratio on the encapsulation efficiency

ratio, time, and GA/solvent ratio is quadratic and has a good regression coefficient
(R*>=0.9860).

In terms of encapsulation efficiency, the significant factors (p value <0.05) in
liposome production are x;, X, X3, Xy, X;Xp, X;Xy, X2X,, X,°, and the least effective fac-
tOrs are XXz, XpX3, X3Xy4, x22, x32, x42. The PC/solvent ratio, x; (p value <0.0001), and
its quadratic term of the PC/solvent ratio, x,> (p value <0.0001) are the most impor-
tant factors affecting encapsulation efficiency (Table 4). PCs are the main compo-
nents of liposomes, so the PC/solvent ratio is much more important than CHOL/
solvent, GA/solvent, and time.

The significant interactions between liposome production parameters and encap-
sulation efficiency are illustrated by response surface plots. Figure 1a demonstrates
the effects of the PC/solvent ratio and CHOL/solvent ratio, Fig. 1b PC/solvent ratio
and GA/solvent ratio, Fig. 1c CHOL/solvent ratio and GA/solvent ratio on encapsu-
lation efficiency, and their reciprocal effects.

In Fig. 1a, both CHOL/solvent ratio and PC/solvent ratio are effective in increas-
ing encapsulation efficiency, if the CHOL/solvent ratio is kept constant and the PC/
solvent ratio decreases, the encapsulation efficiency decreases, but if the PC/sol-

vent ratio is reduced further, then the encapsulation efficiency begins to increase.
The highest encapsulation efficiency is observed in the lowest PC/solvent ratio and
CHOL/solvent ratio. The PC/solvent ratio has a negative effect on increasing encap-
sulation efficiency, while the CHOL/solvent ratio has a positive effect [34]. It is
undesirable for the amount of PC to be too high for liposome formation because
as the amount of PC increases, the amount of CHOL also increases to stabilize the
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liposome being formed. CHOL molecules increase encapsulation efficiency by pro-
viding better packaging of lipid molecules for liposome formation [21].

In Fig. 1b, the encapsulation efficiency decreases when the GA/solvent ratio is
kept constant and the PC/solvent ratio decreases, but the encapsulation efficiency
begins to increase when the PC/solvent ratio reduces. The highest encapsulation
efficiency is observed in the lowest PC/solvent ratio and highest GA/solvent ratio,
and the lowest encapsulation efficiency is observed in the lowest GA/solvent ratio
and highest PC/solvent ratio. The PC/solvent ratio negatively affects encapsulation
efficiency and a high PC ratio is not desired for increasing encapsulation efficiency
[34]. In addition, an increase in the PC ratio contributes to the generation of larger-
size liposomes, which is undesirable in liposome formation [35].

In Fig. 1c, the ratio of CHOL/solvent ratio and GA/solvent ratio equally affect
encapsulation efficiency and these have contrary effects. If the CHOL/solvent ratio
is kept constant and the GA/solvent ratio is increased, the encapsulation efficiency
decreases, but if the GA/solvent ratio is kept constant and the CHOL/solvent ratio
is increased, the encapsulation efficiency increases. The highest encapsulation effi-
ciency is observed in the highest CHOL/solvent ratio and the highest GA/solvent
ratio. An increase in the amount of CHOL in the composition of the liposome causes
the structure to become more rigid [36]. With high rigidity, the permeability of the
lipid bilayer is reduced and drug leakage is prevented, resulting in high encapsula-
tion efficiency. CHOL molecules increase hydrophobicity in the middle region of
the lipid bilayer of liposomes, causing spaces between the lipid chains. This sim-
plifies the entrapment of hydrophobic molecules in the spaces in the lipid bilayer
and increases the encapsulation efficiency [37]. GA is a hydrophobic molecule and
the encapsulation efficiency of GA increased with the increase in the CHOL/solvent
ratio.

Optimization of liposome production variables

Table 5 demonstrates the optimum conditions, predictions, and experimental
response for liposome production. The optimal condition for the production of
liposomes is as follows: The PC/solvent ratio is 1.50 mg:mL, the CHOL/solvent ratio
is 0.88 mg:mL, the time is 24.73 min, and the GA/solvent ratio is 0.19 mg:mL and
the estimated percent of encapsulation efficiency at optimum conditions is 93.77%.
In this study, the percentage of encapsulation efficiency obtained under optimum
conditions was 93.77 +£0.05%. This result indicates that the experimental response
and the predicted response are a fit. This fit verifies the validity of the model at the
95% confidence interval. Hence, the CCD model is accurate and reliable in predict-
ing the maximum encapsulation efficiency for the production of liposomes.
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Table 6 The actual size, hydrodynamic size, zeta potential, and polydispersity index of liposome formu-
lations

Sample Actual size (nm)* Hydrodynamic Zeta potential PDI**

size (nm)** (mV)**
O-Liposome 485.5+128.41 2344+1134 —48+7 0.373+£0.035
CH-Liposome 208.05+73.04 245.7+249.3 +40+5 0.389+0.115
GUA-CH-Liposome 266.60+8.49 567+113 -6+4 0.749+0.272

O Optimum; CH Chitosan; GUA Gum arabic; PDI Polydispersity index
*Measured by FE-SEM
**Measured by DLS

Characterization of liposome formulations

The size of liposomes plays an important role in many aspects such as their
intended use, targets, and the environmental behavior of liposomes. Thin-film
hydration method was used in the preparation of liposomes, and one of the major
disadvantages of this method is the formation of large-sized liposomes [38].
The hydrodynamic size of the O-liposome is 234.4 +113.4 nm, CH-liposome is
245.7 +249.3 nm, and GUA-CH-liposome is 567 + 113 nm (Table 6). The O-lipo-
some is a large unilamellar vesicle (LUV) with one lipid bilayer. The coating
of the O-liposome with chitosan as the first layer resulted in a small increase in
average size, but coating with gum arabic as the second layer resulted in a major
increase in average size. The reason for this increase in size with the coating is
the swelling of chitosan and gum arabic and the formation of agglomeration. In
addition, hydrodynamic diameter is used as the average size, an agglomeration
of liposomes in aqueous media, polymers adsorbed to the liposome surface and
swelling may result in deviations from the actual liposome size.

The zeta potential value is an important factor in the stability of liposomes and
their adsorption from the cell membrane [39]. If the zeta potential is more nega-
tive than —30 mV, the liposome is anionic, if it’s more positive than+30 mV,
the liposome is cationic, and if it’s between —10 mV and+ 10 mV, the lipo-
some is neutral [40]. The zeta potential of the O-liposome is —48 +7 mV and
its anionic liposome. The negative zeta potential is as expected due to the use of
negatively charged lecithin as the wall material of the liposome. The zeta poten-
tial of the CH-liposome is+40+5 mV and it’s a cationic liposome. By coat-
ing the negatively charged liposome with CH, the zeta potential value changed
from —48+7 mV to+40+5 mV. This zeta potential is due to the positively
charged nature of CH. The zeta potential of the GUA-CH-liposome is -6 +4 mV
and it’s a neutral liposome. The zeta potential value changed from+40+5 mV
to —6+4 mV by coating the positively charged CH-liposome with negatively
charged GUA (Table 6). Similarly, Cui et al. [32], reported that the zeta poten-
tial increased from —16.44 mV to+22.04 mV when coating Chito-oligosaccha-
ride-loaded liposomes with a polycation, chitosan, and decreased to —29.75 mV
when coated with polyanion sodium alginate. However, sodium alginate has a
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Fig.2 FTIR spectrum of a empty liposome, b O-liposome, ¢ CH-liposome, and d GUA-CH-liposome

higher zeta,,, than GUA due to its structural differences [41]. Therefore, Cui
et al.’s liposomes have negative zeta potential after coating with sodium alginate,
whereas our liposomes have neutral zeta potential after GUA coating. Liposomes
with negative and positive zeta potentials are pH-dependent and have restricted
use in various environments, but neutral liposomes show full charge alteration
depending on environmental pH [42]. This feature increases the use of neutral
liposomes in a variety of environments.

The polydispersity index describes the size distribution of particles [43]. A poly-
dispersity index between O and 0.5 indicates that the vesicles are monodisperse
and homogeneous, while a value between 0.5 and 1 indicates that the vesicles are
polydisperse and heterogeneous [44]. The polydispersity index of the O-liposome
is 0.373 +0.035 and that of the CH-liposome is 0.389 +0.115; the O-liposome and
CH-liposome are monodisperse and show one-dimensional distribution. The poly-
dispersity index of GUA-CH-liposome is 0.749 +0.272, GUA-CH-liposome is poly-
disperse and has a different dimensional distribution.

The chemical structures of the liposome formulations were characterized
by FTIR. Figure 2 shows the FTIR spectrum of the liposome formulations. The
empty liposome (Fig. 2a) shows O-H stretching band at 3363.94 cm™, the charac-
teristic CH, stretching band at 2925.93 and 2852.62 cm™!, C=0 stretching band at
1737.21 cm™!, C-H bending at 1465.09 cm™" and 1054.74 cm™! at P-O-C stretching
band. The O-liposome (Fig. 2b) shows a broad O-H stretch band at 3357.36 cm™!
[45]. The hydrogen bonds formed by loading GA into empty liposomes increased

@ Springer



2860 Polymer Bulletin (2024) 81:2847-2867

S NWKX  ENT= 300AV  SpniAwilens  AEC:OR | Mag® WOKX Tz 300AV  SomiAvinlens  ASBCOR sy,
psdry Wor 63mm ScanSpeed =7 Fasiary Wos 7imm  SnSpeed=h

)
c

Mag= DOKX  nT= 3004V Signal A® inLens AutsBC =08 Mag= 20KX  wT= 3004V Signal Aw InLens AutoBC =0F zE1ss)
pesary Wos 7imm  ScnSpeed:] Fasrg Wosd9mm  ScnSpeeds]

Fig. 3 FE-SEM image of a empty liposome b O-liposome ¢ CH-liposome and d GUA-CH-liposome

the intensity while shifting the low-intensity O-H band at 3363.94 cm™! in the
empty liposome to 3357.36 cm™". In addition to the O-H stretching band, the CH,
stretching bands in the O-liposome shifted to 2925.08 cm™! and 2852.56 cm™,
C=O0 stretching band 1736.39 cm™!, C-H bending 1457.23 cm™! and their intensity
decreased. The P-O-C stretching band, which was at 1054.74 cm™! in the empty
liposome, shifted to 1051.47 cm™! in the O-liposome and its intensity increased.
The loading of GA into the empty liposome caused minor changes without dis-
rupting the structure. The CH-liposome (Fig. 2c) shows a broad O-H stretch-
ing band masking the N-H stretching band at 3223.63 cm™!, characteristic C—H
stretching band of chitosan at 2927.28 cm™!, C-O and C-N stretching bands at
1571.10 cm™", O-H and C-H vibrations at 1406.89 cm™" and C-O stretch band at
1014.95 cm™! [46]. The GUA-CH-liposome (Fig. 2d) shows a strong O—H stretch-
ing band masking the N-H stretching band at 3262.53 cm™' the C-H stretching
band at 2923.24 cm™!, and the C-O stretching band at 1014.95 cm™!, which is
the characteristic band of GUA. The characteristic high-intensity C-N stretching
bands of chitosan at 1571.10 cm™" and 1406.89 cm™" shifted to 1560.19 cm™" and
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1408.10 cm™', and their intensity greatly decreased.. This is due to the electro-
static interaction between the -COO™ group of gum arabic and the -NH, group of
chitosan [47]. Rajabi et al. [48] observed similar shifts and changes in band inten-
sities in the FTIR spectrum of chitosan-gum arabic nanocarriers and reported that
this may be due to the electrostatic interaction between the negative and positive
groups of GUA and CH.

The morphology of the liposome formulations was assessed by the FE-SEM
technique. Figure 3 shows FE-SEM images of liposome formulations. The surface
property, homogeneousness, distribution, and size of liposomes are defined by their
morphology. Morphology is directly related to the development and modification
of the various properties of liposomes as drug carriers and application areas, and
target sites [49]. In Fig. 3a, the empty liposome has a nearly spherical shape and
its actual size was determined as 288.90+78.91 nm (Table 6). The empty lipo-
some is agglomerated and the liposomes appear to be embedded in the surface and
do not have a regular structure. In Fig. 3b, the O-liposome has a spherical, regu-
lar structure and its actual size is determined as 485.5+128.41 nm. However, the
loading of GA into the empty liposome caused an increase in size. In Fig. 3c, the
CH-liposome has a slightly spherical shape, the structure is not regular because it
is agglomerated and does not have a homogeneous distribution, and its actual size
is determined as 208.05 +73.04 nm. Coating of the O-liposome with CH resulted
in a reduction in size, although the structure was irregular. In Fig. 3d, the GUA-
CH-liposome has a generally regular structure and spherical shape, and its actual
size was determined as 266.60 +8.49 nm. Coating the CH-liposome with GUA
smoothed the shape and made the structure more regular and homogeneous. In
addition to all this, the DLS technique used in the size measurement mentioned
above uses the hydrodynamic diameter measurement and aqueous medium to affect
the size measurement. Although this is the reason for the difference between the
size determined by FE-SEM and the size determined by DLS, the size determined
by FE-SEM provides more accurate results. Liposome formulations were lyophi-
lized before their morphology was assessed. However, it is also seen that lyophili-
zation of liposomal formulations causes distortions in their shape.

In vitro drug release study

The drug release profile of the liposome formulations is shown in Fig. 4. The
AO extract, which was used as a control in the drug release study, reached 100%
GA release at 240 min. In the same period, the O-liposome reached 43.15% drug
release, the CH-liposome 30.25%, and the GUA-CH-liposome 22.47%. At the end
of 300 min, the drug release of O-liposome is 48.12%, CH-liposome is 32.36%,
and GUA-CH-liposome is 23.84%. Encapsulation of GA in the liposome reduced
the release of GA by more than 50%. The coating process of the O-liposome with
CH and then GUA reduced the GA release by more than 60% and 70%, respec-
tively. Similarly, Jeon et al. [50] reported in the in vitro release study of hyalu-
ronate-chitosan coated liposomes that the uncoated liposome released the drug
much more rapidly than the CH-coated liposome, and the first polymeric coating
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on the liposome surface was an important factor in preventing the rapid release of
the drug in the liposome. The drug release rate of liposomes varies depending on
the fluidity of the lipid bilayer, hence the membrane permeability [51]. The coat-
ing of the liposome surface with polyelectrolyte biopolymer formed a more dense
and thick layer on the surface, reducing the fluidity of the liposome and thus the
permeability of the lipid membrane, thereby slowing down the drug release rate.
These results indicate that encapsulation and LbL coating of GA reduces and con-
trols its release in a simulated physiological environment. Improving the release
profile of bioactive components such as GA is an important factor in increasing
their bioavailability.

Stability study

The results of the stability study of the liposome formulations are shown in
Fig. 5. The initial (Day 0) drug loading capacity of the liposome formulations was
93.77+0.05% for all three conditions. The drug loading capacity for the O-liposome
was 67.01+0.03% at+4 °C, 67.03+0.44% at room temperature and 87.32+0.94%
at —24 °C (Day 28); for CH-liposome was 79.99+1.13% at+4 °C, 81.12+0.53%
at room temperature and 90.43 +3.26% at —24 °C (Day 28); for GUA-CH-liposome
was 92.72+0.51% at+4 °C, 93.09+0.01% at room temperature and 93.15+0.01%
at —24 °C (Day 28). Conventional liposomes generally have low stability and
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strength. Modifying the liposome surface with polyelectrolytes can be a solution to
deal with these negative properties of liposomes [52]. According to the results of the
stability study, coating the O-liposome with one layer generated approx. 13% differ-
ence in drug loading capacity between O-liposome and CH-liposome, and coating
with two layers approx. 26% difference between O-liposome and GUA-CH-liposome
at+4 °C, and the coating of liposomes significantly changed and improved their sta-
bility. The stability of all liposomes, regardless of their modification, is higher at
lower temperature — 24 °C than high temperature +4 °C.
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Conclusion

In this study, nano-sized galangin-loaded polyelectrolyte liposomes were developed
with a combination of thin-film hydration and LbL deposition techniques. The opti-
mum liposome formulation was determined by optimizing various factors for lipo-
some formation with RSM-CCD and produced with an encapsulation efficiency of
93.77+0.05%. The O-liposome was coated with the polyelectrolyte biopolymer
chitosan and gum arabic. The GUA-CH-liposome obtained as a result of coating
the O-liposome with a polyelectrolyte was 266.60 +8.49 nm in size, 567+ 113 nm
in hydrodynamic size, and neutral liposome with —6 mV zeta potential. According
to the in vitro release and stability studies, the polyelectrolyte improved the release
profile and stability of the O-liposome with each layer added. The final product,
nano-sized galangin-loaded polyelectrolyte liposome, is an alternative carrier sys-
tem suitable for use in many different targets and conditions due to its characteristic
features, e.g., small size, spherical shape, neutral surface charge, improved release
profile, and superior stability. The ease of generation and high encapsulation effi-
ciency of the polyelectrolyte-coated liposomal system that has been developed, com-
bined with the ability of liposomes to encapsulate both hydrophobic and hydrophilic
compounds, show that this system can be applied to many phenolic compounds, not
only galangin.
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