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Hyaluronic acid (HA, 20-50kDa) is a hydrophilic macromolecule with anti-wrinkle effects
and moisturizing properties. However, its high molecular weight prevents it from penetrat-
ing into the deeper layers of the skin and, thus, limits its benefits to topical effects. Thus,
the objective of this study is to prepare nanoparticles of quaternized cyclodextrin-grafted
chitosan (QCD-g-CS) associated with HA in different molar ratios of QCD-g-CS and HA. The
conjugation of the carboxylic moieties of HA and the amides of QCD-g-CS was confirmed by
Fourier-transform infrared spectroscopy. Thus, the system was optimized to create nanopar-
ticles with a small size (235.63+21.89 nm), narrow polydispersity index (0.13+0.02), and
zeta potential of 16.07 +0.65 mV. The association efficiency and loading efficiency were de-
termined by ultra-performance liquid chromatography as 86.77 +0.69% and 10.85 +0.09%,
respectively. The spherical morphology of the obtained nanoparticles was confirmed by
transmission electron microscopy. Moreover, the in-vitro hydrating ability was significantly
higher (P <0.001) than that of bulk HA (3.29+0.41 and 1.71+0.05 g water/g sample, respec-
tively). The safety of these nanoparticles at concentrations in the range of 0.01-0.10 mg/ml
was confirmed via tests on human skin fibroblasts. Together, these results demonstrate that
the developed nanoparticles are promising for future applications in cosmetics.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

B-cyclodextrin (8-CD) and chitosan (CS) are popular biopoly-
mers for drug-delivery systems: the g-CD can enhance the
solubility, dissolution rate, bioavailability, stability, and con-
trolled release of a hydrophobic guest molecule while CS is a
positively charged biopolymer with non-toxic, biodegradable,
antimicrobial, and mucoadhesive properties [1,2]. To leverage
the beneficial properties of both of these biopolymers, Ven-
ter et al. synthesized cyclodextrin-grafted chitosan (CD-g-CS)
[3]. However, as the synthesized CD-g-CS has poor stability in
water, Gonil et al. modified the CD-g-CS by means of quat-
ernization to obtain water-soluble quaternized cyclodextrin-
grafted chitosan (QCD-g-CS) [4]. A QCD-g-CS composition of
11% cyclodextrin grafted on chitosan was found to yield the
highest degree of quaternization of 73% + 2% with a molecular
weight of 81.24kDa and provided the best mucoadhesive abil-
ity, drug entrapment capacity, and antimicrobial properties [5].
In a previous study [2,6], the ability of QCD-g-CS to entrap
hydrophobic guest molecules like menthol and eugenol was
investigated. However, QCD-g-CS retained its positive charge
and, thus, would be unable to carry a negatively charged drug
molecule.

Hyaluronic acid (HA) is a hydrophilic, negatively charged
linear polysaccharide composed of alternating bp-glucuronic
acid (GlcUA) and N-acetyl- p-glucosamine (GlcNAc) units [7].
HA is popular in medical applications for treating osteoarthri-
tis, embryo implantation, and cutaneous wound healing.
Moreover, HA has been used in dermatological and cos-
metic products to improve skin elasticity, turgor, and mois-
ture [8,9]. HA is a major extracellular matrix component
and acts as a sponge in the skin to retain water and pro-
vide elasticity. However, the benefits of HA are limited due
to its large molecular weight, which prevents skin pen-
etration [10]. HA can be hydrolyzed to have a molecu-
lar weight of 20-50kDa to promote skin penetration and
provide anti-wrinkle and moisturizing effects [11]. There-
fore, HA is an excellent candidate as a negatively charged
macromolecule with versatile functions to incorporate with
QCD-g-CS.

In this study, we aim to produce nanoparticles of QCD-g-
CS associated with HA (20-50kDa). Several physicochemical
characteristics of the nanoparticles are characterized: parti-
cle size, zeta potential, polydispersity index (Pdi), association
efficacy, loading efficacy, structural confirmation, morphology,
water retention capacity, and safety. The developed system
will enable effective delivery of HA to the deeper layers of the
skin to enhance its moisturizing effects.

2. Materials and methods
2.1. Materials

Cosmetic grade sodium hyaluronate with molecular of 20-
50kDa was purchased from Givaudan (Vernier, Switzerland).
QCD-g-CS was synthesized by the method of Gonil and
coworker at the National Nanotechnology Center (NAN-
OTEC) (Pathumthani, Thailand) as per we had reported [3-5].

Sodium hydroxide (NaOH) and disodium hydrogen phosphate
(NayHPO4) were of analytical grade supplied from Merck (New
Jersey, USA). The deionized (DI) water was produced from a
Milli-Q water purification system (Millipore, Massachusetts,
USA). Human skin fibroblasts (ATCC® CRL 2097, USA) at 14—
20th passage were used for cytotoxicity assessment. Dul-
becco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum
(FBS), penicillin and streptomycin were from Gibco (New
Hampshire, USA). Trypsin and sulforhodamine B dye were ob-
tained from Sigma-Aldrich (Missouri, USA).

2.2. Methods

2.2.1. Preparation of QCD-g-CS associated HA nanoparticles
QCD-g-CS and HA (20-50kDa) were separately dissolved in DI
water at 2 mg/ml. The HA solution was ultra-sonicated (Sonics
VCX-130PB Vibra cell™, Connecticut, USA) for 3min. The HA
nanoparticles were prepared by slow addition of HA solution
into QCD-g-CS solution as different mole ratio (0.3-2 mol) with
stirring [12].

2.2.2. Determination of particle size, zeta potential and poly-
dispersity index (PDI) of QCD-g-CS associated HA nanoparticles
HA nanoparticles were analyzed with zetasizer® (NanoZS4700
nanoseries, Malvern, UK). at 25 °C [6].

2.2.3. Determination of the loading efficiency and association
efficiency by ultra-performance liquid chromatography

Each prepared HA nanoparticles were centrifuged (Kubota, Os-
aka, Japan) to separate pellets, and pellets were freeze-dried.
These nanoparticles were resuspended in phosphate buffer,
and ultrasonicated. The dialysates were filtered (0.4pm)
further to UPLC analysis (Waters Acquity H-Class system,
Acquity UPLC PDA ei detector, BEH C18 1.7mm column
(2.1mm x 100 mm, Waters, Massachusetts, USA)) with the
isocratic mobile phase of potassium dihydrogen phosphate
buffer (0.05M, pH 7.0). The analytical condition was optimized
and validated at the flow rate of 0.4 ml/minutes with the injec-
tion volume of 10 pL and the column was set at 25 °C with the
analytical time last for 1.5 min [13]. The percentage of loading
efficiency can be calculated according to the following equa-
tions [1].

Detected amount of HA “
Weight of freeze dry pellets

Loading% =

., Detected amount of HA
AE% = T initial HA added  * %°

2.2.4. Structural confirmation of QCD-g-CS associated HA
nanoparticles with FTIR

The QCD-g-CS, HA, and the selected dried HA nanoparticles
were FTIR analyzed (Perkin Elmer Spectrum-GX FT-IR spec-
trometer, Massachusetts, USA). The spectra were from 4000 to
400 cm~1 [1].

2.2.5. Morphological observations

The QCD-g-CS, HA, and the selected HA nanoparticles were
dropped on the carbon-coated copper grid and stained by
phosphotungstic acid (1%, w/v) or uranyl acetate (2%, w/v),
and observed by transmission electron microscopy (TEM, JEOL
JEM-2010, Tokyo, Japan) at 120kV [1].
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2.2.6. Determination of the water retention capacity

The QCD-g-CS, HA and the selected HA nanoparticles were hy-
drated for 30min and centrifuged (Hettich® Universal 320R,
Tuttlingen, Germany). The supernatant was decanted and the
residue hydrated weight was recorded. The result was ex-
pressed as the amount of water retained by the pellet (wa-
ter/dried sample, g/g) [14].

2.27.
lasts
Fibroblast cells were cultured in 75 cm? flask with DMEM
medium contained 10%FBS and 1%penicillin/streptomycin.
Cultured cells are incubated at 37 °C in a humidified incuba-
tor with 5% CO,. QCD-g-CS, HA, and the selected HA nanopar-
ticles were evaluated for cytotoxicity using Sulforhodamine
B (SRB) assay [15]. The absorbance was recorded using a mi-
croplate reader (SPECTROstar Nano, BMG Labtech, Germany).

Assessment of the cytotoxicity on human skin fibrob-

2.2.8. Statistical analyses

Experimental results are given as mean + standard deviation.
Analysis of variance and least significant different test by us-
ing ANOVA test were done with statistic program SPSS version
21.0. The level of significance was at P <0.05.

3. Results and discussion

A previous study demonstrated the ability of QCD-g-CS to en-
trap hydrophobic guest molecules within cyclodextrin cavi-
ties to improve the drug solubility and mucoadhesivity [2].
However, there remains potential to bond the amide groups
of the chitosan to a negatively charged molecule such as HA.
Thus, QCD-g-CS-associated HA nanoparticles were prepared
and characterized herein in an attempt to widen its applica-
tions in cosmetics.

3.1.  Preparation and characterization of
QCD-g-CS-associated HA nanoparticles

Nanoparticles composed of HA were prepared by the
ionotropic gelation technique. The ability of CS to form a gel
upon contact with HA, which is a polyanionic molecule, by
forming inter- and intramolecular linkages to form nanopar-
ticles [16]. This ionic gelation process is simple, involving the
mixing of two aqueous phases at room temperature. The HA
nanoparticles were prepared with a range of molar ratios as
shown in Fig. 1.

Increasing the HA content resulted in the formation of
larger nanoparticles with lower zeta potentials due to the
negative charge of the HA. The low-zeta-potential nanopar-
ticles can form aggregates and precipitates via low electro-
static repulsion, resulting in high particle sizes and Pdi [17] for
HAO0.8_NPs, HA1.0_NPs, HA1.5_NPs, and HA2.0_NPs. The zeta
potential of HA0.8_NPs and HA1.0_NPs was 0 mV (isoelectric),
leading to precipitation. The HA0.3_NPs were the smallest in
size (20-600 nm), thus promoting skin penetration via skin fur-
rows and follicles, and had a narrow Pdi and high zeta poten-
tial, making them stable due to the strong electrostatic repul-
sion barrier [18,19].
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Fig. 1 - The particle size and zeta potential (a) and the
polydispersity index (b) of each sample.

3.2.  Determination of the loading efficiency and
association efficiency by ultra-performance liquid
chromatography

The association efficiency (AE%) was defined as the percent-
age of HA that was successfully associated with nanoparti-
cles. The loading efficiency (loading%) was calculated as the
total amount of associated HA divided by the total nanopar-
ticle weight and represents the amount of drug delivered per
unit weight of the nanoparticles [2].

Increasing the relative amount of HA decreased the AE%
due to excess amount of HA that could not bind with QCD-
g-CS and, thus, was lost during centrifugation (Fig. 2). The
HAO0.3_NPs had significantly higher %AE values (P <0.001).
On the contrary, increasing the relative amount of HA in-
creased the loading%. The loading% values of the HA0.8_NPs,
HA1.0_NPs, HA1.5_NPs, and HA2.0_NPs ranged from 10.85 to
14.86% but the differences were not statistically significant.

The changes in the AE% and loading% values of these
nanoparticles were consistent with those reported in a pre-
vious study, which reported that more eugenol and men-
thol (0-20 mol) than HA (0-2 mol) were entrapped by
QCD-g-CS [1] due to the different entrapment or associa-
tion sites. As HA has a higher molecular weight and is more
hydrophilic, it is not entrapped within the hydrophobic cy-
clodextrin cavity or the hydrophobic core of QCD-g-CS un-
like eugenol and menthol [1,7,20]. HA does not spontaneously
bond with cyclodextrin without chemical modification



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 13 (2018) 498-504 501

100 20
_
0| _ 18 2
o 80 o |1 E
e 70 6 —— 14 &
7 9 b o 12 5
g 30 10 8
g 40 g =
g 30 6 &
=] o
2 20 4 2
[ e
g 10 2 B
40 00

P4 P4 P4 P4 P4 P4 =

sz =2 2 & & &

o wy oo o v o

o o o — — o

- - < - - <

oo > oo} oo > >

Samples
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sample.
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Fig. 3 - FTIR spectra of (a) QCD-g-CS, (b) HA, (c) a physical
mixture of QCD-g-CS and HA and (d) HA0.3_NPs.

[21-23]. Therefore, HA should bond with the chitosan moi-
eties of QCD-g-CS based on previous evidence supporting the
complexation of chitosan and HA [16,24]. Thus HA0.3_NPs, the
smallest of the nanoparticles formed, were selected for fur-
ther assessment.

3.3.  Structural confirmation of QCD-g-CS associated HA
nanoparticles with FTIR

The FTIR spectra of QCD-g-CS, HA, an equimolar physical mix-
ture of QCD-g-CS and HA, and HAO.3_NPs were obtained to
confirm the bonding between HA and QCD-g-CS (Fig. 3). The
spectrum of QCD-g-CS exhibited peaks at 1650 and 1560 cm™1,
indicating N-H bending within the primary and secondary
amide groups, respectively. In addition, the N-H stretch-

ing at 2860 cm~! confirmed the presence of these amide

groups [11]. The FTIR spectrum of HA exhibited sharp asym-
metric stretching at 1603 cm~!, which is indicative of a car-
bonyl group within a glucuronic unit, overlapping peaks from
1475 to 1680 cm ™! corresponding to amide groups, and a Na-O
peak at 823 cm™! that is specific to sodium hyaluronate [25].
The HA and chitosan were conjugated to the carboxylic groups
of HA and the amides of chitosan, which is consistent with the
results of the previous study [25].

According to the spectra and structures of QCD-g-CS and
HA (Fig. 5), HA can associate with QCD-g-CS by electrostatic
interactions between the amide groups on chitosan (1560 and
2860 cm™1) and the carboxylic group of HA (1060 cm™?), re-
sulting in disappearing or weakening of the signals of both
functional groups as in the HA0.3_NPs spectrum. Moreover,
the O-H and N-H peak (2350-3770 cm™~!) of HA0.3_NPs be-
came broader due to the ionic absorption. The FTIR spectra
also confirmed that nanoparticles were not formed by sim-
ple physical mixing and HA could not be incorporated into
the cyclodextrin moieties due to the remaining characteris-
tic peaks of HA. The inclusion complex of QCD-g-CS was ob-
served as the disappearance of the characteristic peaks of the
entrapped molecules [6,8]. The nanoparticles may have taken
on condensed spherical shapes because the carboxylic groups
on the HA bound to the amide groups that surrounded QCD-
g-CS micelles.

3.4.  Morphological observations

The shapes of the nanoparticles were further confirmed
by transmission electron microscopy (TEM) as shown in
Fig. 4. The HAO0.3_NPs were spherical with diameters of
189 +10.02 nm, indicating that they were smaller than the par-
ticles formed in an aqueous environment using dynamic light
scattering (DLS) (235.63+21.89nm). It should be noted that
the DLS measurements gave the particle size including the
hydrated shell surrounding the nanoparticle while TEM re-
vealed the diameter of a dry nanoparticle i.e. the real size
of a nanoparticle [6]. The QCD-g-CS was also spherical due
to the formation of micelles composing the inner hydropho-
bic cyclodextrin cores and the outer hydrophilic chitosan
regions [6]. The HA image demonstrated that HA had a globu-
lar form. Normally, HA is a linear chain polymer that can twist
into a fibrillary aggregate form and contract into the globular
form [26].

These results indicated that the selected nanoparticles
were formed by an interaction between the HA chain and
chitosan backbone of QCD-g-CS on the outer surface of
the QCD-g-CS via electrostatic interactions [27]. Finally, HA
bonded to the QCD-g-CS surface, resulting in a condensed
spherical form with a hydrophobic cyclodextrin core as
shown in Fig. 5. The FTIR spectra supported the occurrence
of electrostatic interactions between the carboxylic groups
on the HA chains and the amide groups on the chitosan
backbone.

3.5.  Determination of the water retention capacity
The water retention capacity (WRC) represents the ability of

a sample to retain water after centrifugation and is used to
assess the in-vitro moisturizing capability of a material [14].
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The WRC values of QCD-g-CS, HA, and HA0.3_NPs are shown
in Fig. 6. The WRC of HA was significantly greater than that
of QCD-g-CS (P <0.05) due to the numerous glucuronic units
in the HA as indicated by the sharp carbonyl FTIR peaks, indi-
cating a hygroscopic effect [28]. The selected HA0.3_NPs exhib-
ited a higher WRC value (P < 0.05) than HA and QCD-g-CS. HA
and QCD-g-CS formed cross-linked networks to improve the
WRC [29], which is expected to enhance the skin hydration ef-
fect [6]. However, prior to efficacy evaluation, an ex-vivo safety
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Fig. 7 - Cytotoxicity of QCD-g-CS, HA, and HA0.3_NPs
towards human skin fibroblasts.

assessment is needed to guarantee the potential application
of this material in cosmetics.

3.6.  Assessment of the cytotoxicity on human skin
fibroblasts

The safety of the nanoparticles for healthcare applications,
including their use in cosmetics, necessitates a toxicity test
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in mammalian cells [30]. The non-cytotoxicities of QCD-g-CS,
HA, and HAO0.3_NPs were verified at concentrations of 0.01-
0.1mg/ml by cell viabilities of more than 80% (Fig. 7). The
HA was found to be safe but the QCD-g-CS and HA0.3_NPs
were slightly cytotoxic at 0.12 mg/ml. Positively charged com-
pounds can adhere to the cell membrane, thereby, and dis-
rupt the cell [31]. The HA0.3_NPs exhibited a positive charge
similar to that of QCD-g-CS due to the relatively high propor-
tion of QCD-g-CS. HA is generally biocompatibility and non-
toxic [7] but, when associated with QCD-g-CS, was cytotoxic
at 0.12 mg/ml likely QCD-g-CS due to its similar positive zeta
potential. The safety range of HA0.3_NPs was found to be 0.01-
0.1mg/ml.

4, Conclusion

In this study, the QCD-g-CS associated with HA nanoparticles
were successfully formulated. HA0.3_NPs was the best formu-
lation and provided desirable properties including a small par-
ticle size, a high zeta potential, and a narrow Pdi. The increas-
ing HA ratio resulted in nanoparticles with increasing parti-
cles sizes, decreasing zeta potentials, increasing AE% values,
and decreasing loading% values. The AE% and loading% val-
ues of the nanoparticles were shown to be 86.77% + 0.69% and
10.85% =+ 0.09%, respectively. The electrostatic interaction be-
tween QCD-g-CS and HA was confirmed by FTIR, suggesting
that the nanoparticles were not formed by simple physical
mixing. The WRC of the selected nanoparticles was improved
due to the formation of cross-linked networks in the nanopar-
ticles, improving their moisturizing efficacy. These nanoparti-
cles were found to be safe at concentrations in the range of
0.01-0.1 mg/ml.

These results proved that QCD-g-CS is a versatile car-
rier for both negatively charged hydrophilic molecules and
for hydrophobic drugs as reported previously. The develop-
ment of these nanoparticles will be continued in a future
study to investigate the factors influencing the skin pene-
tration and evaluate the in-vivo efficacy for applications in
cosmetics.
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