J OURNAL O

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Preparation of Chitosan-Coated Nanoliposomes for Improving the
Mucoadhesive Property of Curcumin Using the Ethanol Injection

Method

Gye Hwa Shin,"* Seoung Kyun Chungj’§ Jun Tae Kim,* Hee Joung Joung,T and Hyun Jin Park®"

TCollege of Life Sciences & Biotechnology, Korea University, Anam-dong, Seongbuk-gu, Seoul 136-701, Korea

*Department of Food Science and Technology, Keimyung University, Daegu 704-701, Korea

ABSTRACT: Chitosan-coated curcumin nanoliposomes (CS-Cur-NLs) were fabricated by the ethanol injection method (EIM),
and their physicochemical properties were compared with the properties of those fabricated by the dry thin film method
(DTFM). The mean size and zeta potential of CS-Cur-NLs gradually increased with CS concentration. The encapsulation
efficiency of Cur-NLs prepared by EIM was 54.70%, which was significantly improved compared to that (42.60%) of Cur-NLs
prepared by DTFM. Further improvement of encapsulation efficiency was attained (up to 64.93%) by EIM with 0.1% CS coating.
The mucoadhesive property of Cur-NLs improved from 33.60 to 56.47% with CS coating. The results indicate that the
encapsulated curcumin will show prolonged adsorption in the gastrointestinal tract because of higher mucoadhesion. Thus, EIM
can be considered to be effective for food-grade delivery carriers with higher encapsulation efficiency and absence of harmful
solvents. EIM-generated CS-Cur-NLs showed higher bioavailability, with enhanced high mucoadhesive property, storage stability,

and encapsulation efliciency.

KEYWORDS: nanoliposomes, curcumin, chitosan, ethanol injection method, mucoadhesive property

Bl INTRODUCTION

Curcumin, a natural polyphenolic nutraceutical, has been
widely used as a traditional medicine in many Asian countries,
since it was reported that curcumin has antioxidant, anti-
inflammatory, antimicrobial, and anticancer features, as well as
wound healing characteristics.' > Although curcumin has
numerous advantages, the therapeutic application of curcumin
is limited because of its poor solubility and low bioavailability.
In order to improve its bioavailability, water solubility, and
functionality, many researchers have studied the fabrication of
various micro- to nanosized carrier systems, such as polymeric
nanoparticles, solid lipid nanoparticles, emulsions, hydrogels,
biodegradable microspheres, and liposomes.®~""

Liposomes have been extensively studied for transporting
drugs and functional foods with poor water solubility through
the improvement of their stability, clinical efficacy, and
bioavailability."*™'* As spherical vesicles composed of bilayer
membranes, liposomes can carry both hydrophilic and
hydrophobic components by encapsulation in the water phase
and intercalating into the hydrophobic domains, respectively.
Even hydrophobic components can be formed in a stable state
in an aqueous environment by high dispersion in a liposome
system. In addition, the components entrapped in liposomes
can effectively penetrate and overcome biological barriers to
cellular and tissue uptake because the liposome has a similar
structure as the cell membrane.'” Generally, lipophilic and/or
water insoluble nutraceuticals such as curcumin show low
bioavailability in an oral delivery system. In order to improve
bioavailability and to overcome this limitation, many studies
have been performed to prolong the gastrointestinal (GI) tract
time by using a floating drug dosage system, modified shape
system, and mucoadhesive system.'®” One of the most
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extensively investigated systems for prolonging the residence
time in the GI tract is the modification of mucoadhesive
polymers on the delivery carriers, resulting in the improvement
of adsorption through the mucosa and release of the loaded
cores in a sustained manner. Since mucin has negatively
charged sialic acid groups, the positively charged polymer
coating of the liposomes could be more effective in prolonging
the retention time of core materials by improving the
interaction with the intestinal wall mucus and avoiding rapid
clearance from the delivery target.'® The mucoadhesive
property of delivery carriers is a complex phenomenon, and
the mucoadhesion can occur by electronic interaction, wetting,
adsorption, diffusion, and mechanical interaction between
mucoadhesive polymers and a biological mucosal surface." In
most cases, the mucoadhesive property of delivery carriers can
be improved by delaying the intestinal transit time and
increasing the adsorption of core materials.”®

Among various biopolymers, chitosan (CS) has been widely
studied as a mucoadhesive material that enhances the
penetration of macromolecules across the intestinal and nasal
barriers.”! CS is predominantly composed of f3-(1,4)-linked p-
glucosamine units and is obtained by deacetylation of chitin,
which is the primary component of the cell walls of crustaceans,
fungi, and insects.”” CS is attractive as a coating polymer for
food grade liposomes because of its nontoxic, biocompatible,
and biodegradable characteristics, as well as unique cationic
feature in the aqueous condition.”** CS coating generates the
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positive charge on mucoadhesive liposomes by forming
electrostatic interactions between positively charged CS and
negatively charged diacetyl phosphates on the surfaces of the
liposomes.

To date, liposomal curcumin has been mainly prepared by
the dry thin film method (DTFM), which was the initial
method used to prepare liposomes.”® Although it is an easy and
widely used method, DTFM has some drawbacks, in terms of
suitability for many applications and the requirement that
excludes organic solvents, such as chloroform and hexane,
especially in food grade products. When liposomes are applied
to food grade products, the use of organic solvents should be
avoided in their preparation as much as possible. It was
reported that the ethanol injection method (EIM) has some
limitations in poor encapsulation efficiency (below 40%) in
hydrophilic substances. However, EIM is more desirable than
DTEM for hydrophobic components, such as curcumin, to
produce food-grade liposomes because it is free from harmful
chemicals and can yield a more homogeneous population.”” On
the basis of our literature review, there has been no research on
the curcumin nanoliposomes (Cur-NLs) using EIM.

In the present study, CS-coated curcumin nanoliposomes
(CS-Cur-NLs) were synthesized using both EIM and DTFM,
and their physicochemical properties were compared. The
effects of CS coating on the particle size, polydispersity index
(PDI), zeta potential, encapsulation efficiency, and mucin
adsorption of Cur-NLs and CS-Cur-NLs were investigated.

B MATERIALS AND METHODS

Chemicals. CS (molecular weight, 30 000; degree of deacetylation,
88%) was obtained from BioTech Co. Ltd. (Mokpo-si, Jeollanam-do,
Korea). L-a-Phosphatidylcholine (EPC, from dried egg yolk, >60%
TLC), cholesterol (>95%), dichloromethane, mucin (extracted from
porcine stomach, type III), and Bradford reagent were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Curcumin (mixture of
demethoxy curcumin and bisdemethoxy curcumin, >98%) was
purchased from Acros (Belgium, USA). Analytical grade ethanol and
acetone were purchased from Duksan (Anshan-si Gyeonggi-do,
Korea).

Preparation of Curcumin Nanoliposomes (Cur-NLs) and CS-
Coated Curcumin Nanoliposomes (CS-Cur-NLs) by the Ethanol
Injection Method (EIM). Cur-NLs were formed by utilizing the
amphiphilic property of EPC as a surfactant. EPC and cholesterol (as a
shape stabilizer) were dissolved in ethanol containing curcumin. The
molar ratio of EPC and cholesterol was 2:1. Curcumin and EPC were
mixed in a ratio of 1:10 (w/w). The resulting solution was dropped
into aqueous solution (Millipore Milli-Q system) and stirred for
several hours until NLs formed spontaneously after further
evaporation of the residual ethanol. The initial liposomes formed by
self-assembly with mild stirring. These were reduced in size by
ultrasonic homogenization using a model VCX 750 apparatus (Sonics
& Materials, Newtown, CT, USA) for 1S min. The supernatant
containing the Cur-NLs was separated from the insoluble excess
curcumin in the pellet by centrifugation at 190g for 10 min. Cur-NLs
were coated with various concentrations of CS solution. The CS
solution (0.1, 0.2, 0.3, 0.4, or 0.5%, w/v) was prepared by dissolving
CS in distilled water containing 0.1% (w/v) acetic acid. In order to
remove the impurities, CS solution was filtered using a 0.45 pm
syringe filter (Minisart, Germany). The prepared CS solution was
added dropwise to the Cur-NL solution. The CS-Cur-NLs were
filtered using a 0.45 pym membrane filter to characterize their
physicochemical properties.

Preparation of Cur-NLs and CS-Cur-NLs by the Dry Thin Film
Method (DTFM). To compare the characteristics of Cur-NLs
obtained by EIM, Cur-NLs obtained by DTFM were also prepared.
The same amount of curcumin used in EIM was first added to the
mixture of EPC and cholesterol in a ratio of 2:1. The curcumin-

containing mixture was dissolved in dichloromethane, and a thin film
of Cur-NLs was formed using a rotary evaporator. The resulting thin
film was hydrated with Milli-Q water for 1 h and then treated with an
ultrasonic homogenizer for 15 min. The final Cur-NL solution was
filtered using a 0.45 pm membrane filter to characterize its
physicochemical properties. For preparation of CS-Cur-NLs by
DTFM, a chitosan coating process was performed as mentioned in
the previous section.

Fourier Transform Infrared (FT-IR). Structural characterization
of CS-NLs was performed by Fourier transform infrared (FT-IR)
using a model V430 apparatus (Jasco, Tokyo, Japan) at 20 °C. The
FT-IR spectra of CS, CS-NLs, and NLs without the core material
(curcumin) and cholesterol were obtained to verify the interactions
between phosphatidylcholine and CS. The NL samples were mixed
with potassium bromide (KBr) at a ratio of 1:10, and prepared as a 1
mm semitransparent pellet by compression under a force of S tons in a
hydraulic press. Each spectrum was obtained from the average of 64
scans at a resolution of 2 cm™ in the wavelength range 4000—800
cm™.

Measurements of the Mean Particle Size, PDI, and Zeta
Potential. The mean size, PD], and zeta potential of Cur-NLs and
CS-Cur-NLs were measured using dynamic light scattering with a
nano-ZS nanosize analyzer (Malvern, Worcestershire, U.K.). Three
milliliters of Cur-NL dispersion was added to polystyrene latex cells,
and the mean particle size, PDI, and zeta potential were measured at
25 °C with a detector angle of 90°, wavelength of 633 nm, refractive
index of 1.33, and real refractive index of 1.59. Each sample was
measured at least three times, and the average values were used.

Storage Stability. For testing the stability of Cur-NLs, the
changes in mean size and PDI values were investigated over the
storage periods. Cur-NLs and 0.1% CS-Cur-NLs prepared by DTFM
and EIM were kept in an incubator at 25 and 4 °C. The mean particle
size and PDI were measured using the same testing procedure
explained in section 2.5 over the storage periods of 1, 3, §, 7, 15, and
40 days.

Encapsulation Efficiency. The sample was centrifuged at 190g in
a Hitachi centrifuge for 10 min, and the supernatant containing Cur-
NLs was separated from the pellet. The pellet contained unloaded
curcumin. The supernatant was recentrifuged two more times. Each
time the pellet was dissolved in methanol, three fractions were pooled
and quantified. After this step, the centrifuged supernatant sample was
recentrifuged at 34 300g for 1 h to separate the curcumin in the pellet.
The quantity of curcumin in the supernatant was determined using UV
spectrum at 425 nm. The encapsulation efficiency (%) of curcumin
was calculated using the equation below:

Encapsulation efficiency (%) = [(C, — C;)/C,] X 100

where C, is the total amount of curcumin used and C; is the free
curcumin in the supernatant.

Mucin Adsorption Studies. In order to evaluate the mucoadhe-
sive properties of Cur-NLs and CS-Cur-NLs, a mucin adsorption test
was carried by a slightly modified method*® and the amount of free
mucin was calculated by using the Bradford colorimetric method.”®
Briefly, 2 mL of mucin solution (1 mg/mL) was mixed with 2 mL of
Cur-NLs or CS-Cur-NLs at 37 °C for 1 h. Then, the suspension was
centrifuged at 10 600g at 4 °C for 30 min to separate the free mucin
(supernatant) and adsorbed mucin (pellet). Bradford reagent diluted
S-fold was added to the supernatant and incubated in a 37 °C shaking
incubator, shaking at 185 rpm for 10 min. The quantity of mucin in
the supernatant was determined by measuring the absorbance at 595
nm. To make a standard curve, the absorbances of pure mucin
solutions of 31.25, 62.5, 125, 250, 500, and 1000 ug/mL were also
measured. Mucin adsorption (%) was calculated using the equation
below:

Mucin adsorption (%) = [(C, — C;)/C,] X 100

where C, is the total amount of mucin used and C; is the free mucin in
the supernatant.

Transmission Electron Microscopy (TEM). To prepare TEM
samples, CS-NLs were dropped onto the carbon-coated grids for 1
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Figure 1. Schematic representation of chitosan-coated curcumin nanoliposome (CS-Cur-NLs).

min, and the excess was removed with filter paper. This step was
repeated three times. Finally, the grids were stained with uranyl acetate
(UA) or phosphotungstate (PTA) for 3 min and dried overnight and
imaged using a TECNAI G2 F30 TEM (Philips-FEI, Eindhoven,
Holland).

Statistical Analysis. Particle size and zeta potential of NLs were
statistically analyzed using analysis of variance (ANOVA). Statistical
Package for the Social Science (SPSS, Version 20.0, SPSS Inc,,
Chicago, IL, USA) was used for this analysis. Duncan’s multiple range
tests were used to determine the statistical significance among the
means at 95% significant level.

B RESULTS AND DISCUSSION

Characterization of CS-Cur-NLs. Cur-NLs were fabricated
by DTFM and EIM. A CS coating was applied to improve the
mucoadhesive property of Cur-NLs. On the basis of the
findings from our previous study, we chose a 2:1 ratio of EPC
to cholesterol to obtain uniform and stable NLs. EPC acts as a
structural material to form the liposome membrane, while
cholesterol acts as a stabilizer to make liposomes more stable
under aqueous conditions. Figure 1 shows the schematics of the
CS-Cur-NLs formed by the ionic interaction between EPC and
CS. A liposome is a spherical vesicle consisting of lipid bilayers
and can encapsulate hydrophilic core materials. Hydrophobic
cores, however, also can be encapsulated between lipid bilayers
formed by double carbon chains of surfactants. The
phospholipids can form ionized phosphate (PO,*) groups in
aqueous conditions and entrap the hydrophobic curcumin in
the lipid bilayers. This was verified by a fluorescence intensity
test of curcumin and liposome bilayers.”® CS-Cur-NLs were
formed by colloidal forces such as van der Waals, hydrogen
bonding, and electrostatic interactions. The most vital
interaction in CS-Cur-NLs may be the electrostatic interactions
between the positive charges of CS amine (NH;") groups and
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Figure 2. The effect of chitosan concentration on the mean size and
PDI value of CS-Cur-NLs by (a) EIM and (b) DTFM. Different
superscript letters indicate a significant difference at P < 0.05 by
Duncan’s multiple range test.

the negative charges of liposome phosphate (PO,’”) groups.
CS-Cur-NLs had positive surface charges because of the CS
coating. The main reason of the CS coating on the
nanoliposome surface is to apply the intranasal delivery system
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Figure 3. The effect of chitosan concentration on the zeta potential of
CS-Cur-NLs by (a) EIM and (b) DTFM. Different superscript letters
indicate a significant difference at P < 0.05 by Duncan’s multiple range
test.

to improve bioavailability of curcumin. It has been reported that
CS-coated nanoparticles improved the biocompatibility and
mucoadhesiveness of drug loaded vesicles.”®

Effect of CS Coating on Size, PDI, and Zeta Potential
of Curcumin NLs. The effect of CS coating on curcumin NLs
(Cur-NLs) was investigated by measuring the mean particle
size, PDI, and zeta potential. Figure 2 shows the mean particle
sizes and PDI values of Cur-NLs and CS-Cur-NLs prepared by
EIM and DTFM. The mean particle sizes and PDI values of
Cur-NLs were 101.42 nm and 0.247 for EIM and 115.70 nm

EIM DTFM

after 3 months after 3 months

Figure 4. Comparison of the visual appearance of Cur-NLs prepared
by (a) EIM and (b) DTFM after 3 months of storage at 4 °C.
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Figure S. Encapsulation efficiency of curcumin by DTFM, EIM, or
EIM + 0.1% CS with and without ultrasonic homogenization. Different
superscript letters indicate a significant difference at P < 0.05 by
Duncan’s multiple range test.

Table 1. The Stability of Cur-NLs and 0.1% CS-Cur-NLs by DTFM and EIM (a) at 25 °C and (b) at 4 °C“

(@
DTFM_25 °C EIM 25 °C EIM _0.1%CS_25 °C
size (nm) PDI size (nm) PDI size (nm) PDI
1 day 114.83 + 1.01 ab 0.391 + 0.004 ¢ 81.54 + 0.27 abc 0.269 + 0.022 b 13897 + 1.58 ab 0.208 + 0.018 bc
3 days 116.53 + 2.02 b 0.395 + 0.008 ¢ 85.88 + 1.18 ¢ 0.303 + 0.013 ¢ 141.47 + 247 bc 0.213 + 0.00S ¢
S days 114.80 + 2.23 ab 0.395 + 0.00S ¢ 9091 + 5.10d 0.342 + 0.025 d 138.13 + 2.19 ab 0.202 + 0.006 ab
7 days 116.67 + 3.07 b 0.406 + 0.016 ¢ 83.35 + 0.74 be 0.245 + 0.018 b 14323 £ 2.82 ¢ 0.205 =+ 0.031 bc
1S days 112.70 + 0.87 a 0.347 £ 0011 b 78.56 + 0.85 a 0.190 = 0.013 a 135.57 = 1.50 a 0.175 + 0.007 a
40 days 114.30 + 0.61 ab 0.282 + 0.029 a 79.13 £ 0.56 ab 0.183 + 0.004 a 136.70 + 1.37 a 0.181 + 0.009 ab
(b)
DTEM 4 °C EIM 4 °C EIM_0.1%CS_4 °C
size (nm) PDI size (nm) PDI size (nm) PDI
1 day 11497 £ 2.31b 0.366 + 0.048 b 81.38 + 0.86 b 0.272 + 0.004 b 132.97 + 1.61 be 0.221 + 0.018 ab
3 days 11428 + 295 b 0.379 + 0.004 b 85.56 + 0.59 cd 0.335 + 0.035 ¢ 134.67 + 1.2S ¢ 0.213 + 0.013 ab
S days 116.60 + 1.83 b 0.399 + 0.019 b 87.92 +3.82d 0.306 + 0.031 bc 13837 £ 125d 0.234 + 0014 b
7 days 142.10 + 3.82 ¢ 0.588 + 0.021 ¢ 84.36 + 0.63 ¢ 0.281 + 0.008 b 13240 +£ 1.35 b 0.225 + 0.013 ab
15 days 112.37 + 1.65 b 0.374 + 0.008 b 78.59 + 0.49 ab 0.182 £ 0.013 a 133.93 + 0.50 bc 0237 + 0017 b
40 days 99.75 £ 1.31 a 0.264 + 0.00S a 77.09 + 0.46 a 0.194 + 0.007 a 128.03 + 0.25 a 0.208 + 0.011 a

“Different online letters indicate a significant difference at P < 0.05 by Duncan’s multiple range test.
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Figure 7. FT-IR spectra of (a) phosphatidylcholine nanoliposomes
(PC-NLs), (b) 0.1% CS solution, and (c) 0.1% CS-NLs.

and 0.388 for DTFM, respectively. The particle size
significantly (P < 0.05) increased with CS concentration with
both EIM and DTFM, whereas PDI values significantly (P <

0.05) decreased after CS coating but the decrease was not
statistically significant (P > 0.05) with CS concentration, as
shown in Figure 2. The particle sizes of CS-Cur-NLs obtained
by EIM were slightly larger (about 10—15%) than those
obtained by DTFM in the entire CS concentration range. The
maximum size of 203.87 nm was obtained in 0.5% (w/v) CS-
Cur-NLs by EIM. As a heterogeneity index, a higher PDI value
indicates that the dispersion is more heterogeneous, whereas a
lower PDI value indicates that the dispersion is more
homogeneous. PDI values of CS-Cur-NLs obtained by
DTFM were about 20—55% higher than those obtained by
EIM. This result suggests that homogeneous CS-Cur-NLs were
obtained by EIM compared to those obtained by DTFM.

Figure 3 shows the zeta potential of CS-Cur-NLs obtained by
EIM and DTFM. Zeta potentials of Cur-NLs by EIM and
DTFM were —14.10 and —20.07 mV, respectively. As expected,
Cur-NLs were negatively charged because of the diacetyl
phosphates on the surfaces of the liposomes. However, CS
coating changed the surface charge to positive because of the
positively charged amine groups of CS. With various CS
concentrations, zeta potentials of CS-Cur-NLs ranged from
+30.17 to +32.17 mV for EIM and from +30.47 to +43.00 mV
for DTFM. It was reported that liposome concentration could
be diluted with additional ethanol during the EIM process.””
Consequentially, a higher zeta potential of CS-Cur-NLs by
DTEM could be obtained due to the higher liposome
concentration than those by EIM. It is possible that the CS
coating could make NLs more stable vesicles and more effective
for homogeneous particle distribution. In addition, the surface
of CS-coated NLs showed hydrophilic properties. The
hydrophilic and positively charged surface properties enhanced
adsorption by the epithelial cells. The most important
characteristic of CS-coated NLs is the improved target effect
on tumor cells, as well as on gene expression.>>*'

Stability of Curcumin NLs. The stability of Cur-NLs and
CS-Cur-NLs was evaluated by measuring the change in their
mean size and PDI value over time. Cur-NL samples were
stored at 4 and 25 °C for up to 40 days, and the particle size
and PDI were measured at 1, 3, 5, 7, 15, and 40 days. The mean
size and PDI values of Cur-NLs and 0.1% CS-Cur-NLs by
DTFM and EIM are summarized in Table 1. The mean size of
Cur-NLs by DTFM was around 115 nm and did not
significantly change (P > 0.05) at 25 °C until 40 days, whereas
the mean size at 4 °C did not change during storage, except at 7
and 40 days. Bigger particle sizes of Cur-NLs by DTFM at 7
days may be mainly ascribed to swelling of Cur-NLs over time.
The particle size of Cur-NLs by DTFM was decreased after 15
and 40 days. This may be mainly due to the release of curcumin
from nanoliposomes. On the other hand, the mean size of Cur-
NLs by EIM was significantly (P < 0.05) increased both at 25
and 4 °C until 5 days and decreased further during storage. CS
coating also increased the mean particle size from around 80—
90 to over 130 nm. However, the change in mean particle size
of CS-Cur-NLs by EIM over the storage period showed the
same trends as Cur-NLs obtained by EIM. Although there were
some significant changes (P < 0.05), the Cur-NLs prepared by
EIM showed high stability at 25 and 4 °C until 40 days, and
their stability was similar to that of Cur-NLs prepared by
DTEM. However, the stability of Cur-NLs prepared by EIM
and DTFM was totally different after 3 months of storage at 4
°C. Figure 4 shows a comparison of visual appearance of Cur-
NLs prepared by (a) EIM and (b) DTFM after 3 months of
storage at 4 °C. As shown in Figure 4a, Cur-NLs by EIM
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Figure 8. Transmission electron microscope images of CS-Cur-NLs with (a) a scale bar of 20 nm and (b) a scale bar of 200 nm.

showed still good dispersion and any precipitation or
sedimentation was not observed. Their mean size and PDI
values were not significantly changed until 3 months of storage,
and they were around 90 nm and less than 0.3, respectively.
However, Cur-NLs by DTFM were not stable and serious
sedimentation was observed, as shown in Figure 4b. Although
Cur-NLs by EIM and DTFM showed similar stability within 40
days, Cur-NLs by DTEFM were precipitated on long-term
storage.

Encapsulation Efficiency of Cur-NLs. The curcumin
encapsulation efficiency in Cur-NLs and CS-Cur-NLs was
determined by measuring the amount of free curcumin. The
encapsulation efliciency of core materials in the delivery system
is primarily dependent on the physicochemical characteristics of
core materials, such as the hydrophilicity/hydrophobicity and
solubility.>* Typically, curcumin has poor solubility (<1 mg/mL
in ethanol and <0.011 mg/mL in water), and its solubility is
very sensitive to pH, rarely solubilizing in acidic solutions.*” In
addition, the encapsulation efficiency depends on the size and
components of liposomes, including phospholipids and
stabilizer (cholesterol). Figure S shows the encapsulation
efficiency of Cur-NLs obtained by DTFM and EIM. The
encapsulation efficiency of Cur-NLs prepared by EIM was
54.70%, which was about 28% higher than that of Cur-NLs
prepared by DTFM. In this case, other factors such as the
mixing ratio, amount, and type of cholesterol, phospholipid,
and core material were kept constant. It has been reported that
the encapsulation efficiency of hydrophilic core liposomes by
EIM was generally low because of high volume usage.”’ In the
case of hydrophobic curcumin, however, the encapsulation
efficiency of EIM was improved compared to DTFM, and the
values were statistically significant (P < 0.05), as shown in
Figure S. CS coating also significantly (P < 0.05) improved the
encapsulation efficiency of curcumin from 54.70 to 64.93%,
which is about 19% improvement. Further treatment by
ultrasonic homogenization decreased the encapsulation effi-
ciency to 58.00%. Although it may make CS-Cur-NLs
homogeneous and improve their stability, mechanical power
can negatively affect encapsulation efficiency.'”

Mucoadhesion Studies of Cur-NLs. Mucus is the first
barrier for nutrients, which interact with it and diffuse through
it. As a large and extracellular glycoprotein, mucin is one of the

major components of mucus.** Figure 6a shows the mean size
and zeta potential of Cur-NLs and CS-Cur-NLs with and
without mucin association. As we explained in the previous
section, the particle size of Cur-NLs was increased by CS
coating. By mucin association, the particle size of CS-Cur-NLs
increased from 98.79 to 140.03 nm, whereas the particle size of
Cur-NLs was not significantly different (P > 0.05). The zeta
potential of Cur-NLs changed slightly, from —15.3 to —10.3
mV, whereas the zeta potential of CS-Cur-NLs changed greatly
from +24.3 to —10.9 mV, as shown in Figure 6a. The changes
in surface charge may result from interactions between
negatively charged mucin and positively charged CS-Cur-NLs.
The interaction between CS-Cur-NLs and mucin is mainly due
to the electrostatic interaction between the amine group
(NH;*) of CS and the carboxylate (COO~) or sulfonate
(SO;7) group of mucin. The mucoadhesive properties of NLs
were characterized by measuring their mucin adsorption. Mucin
adsorption by Cur-NLs and CS-Cur-NLs was 33.60 and
56.47%, respectively, as shown in Figure 6b. Mucin adsorption
of Cur-NLs could be improved by about 68% after CS coating.
Mucin adsorption of Cur-NLs by DTEM could also be
improved by chitosan coating because mucin adsorption is
significantly depending on the surface characteristic. Since
mucin proteins secreted from epithelial cells have negative
charges, they can have more electrostatic interactions with
positively charged CS. Our results suggest that CS-Cur-NLs
stay at the target site longer than the Cur-NLs. On the other
hand, the mucin adsorption of Cur-NLs was around 33.6%.
This may be because curcumin molecules have several —OH
groups and —O moieties, and thus, they could interact with
mucin by hydrogen bonding.*®

FT-IR Analysis of CS-NLs. FT-IR analysis was used to
verify the interactions between CS and phosphatidylcholine on
the NLs. Figure 7a is the spectrum of phosphatidylcholine NLs
(PC-NLs). The peaks between 1150 and 1400 cm™' and at
1465 cm™! were assigned CH,-wagging progression and CH,-
scissoring vibrations, which are considered particularly useful.
The former is used as a measure of the degree of lipid acyl
chain order, whereas the latter is regarded as an indication of
chain packing effects. Two major peaks at 1242 and 1742 cm ™
were assigned to antisymmetric PO,” stretching and C=0
stretching, respectively. For native CS, two peaks at 1662 and
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1556 cm™" were assigned to the carbonyl (C=0) stretching
(amide I) and N—H bending vibration (amide II),
respectively,**™>® as shown in Figure 7b. The FT-IR spectrum
of CS-NLs was the combination of PC-NLs and CS, as shown
in Figure 7c. The FT-IR result supported that CS coated the
PC-NLs well.

Liposome Morphology. The surface morphology of CS-
Cur-NLs was characterized by transmission electron micros-
copy (TEM). Figure 8 shows the TEM images of CS-Cur-NLs
at different locations. The morphology of CS-Cur-NLs was
almost spherical, and the particle size ranged from 80 to 120
nm. CS-Cur-NLs had a contrasting dark band surrounding a
liposome vesicle, as shown in Figure 8b. The interaction of CS
with the surface of NLs was well visualized.
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