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ARTICLEINFO ABSTRACT

Article type: Objective(s): Topical delivery of anti-neoplastic agents could ¢ ~umvent many drawbacks of
Original chemotherapy in skin cancer. This study aims to develop a hybric. Hyaluronic acid-oleic acid
Article history: (HA-C18) micelle-alginate hydrogel as a topical system for <oxc ubic.n (DOX), enhancing skin

penetration, providing controlled release, and localized therap * for siin cancer.

Materials and Methods: DOX-loaded micelles (DOX-PMis, we. prepared from the synthesized
amphiphilic substance (HA-C18) and incorporated irto ar. alginate hydrogel. Micelles were
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Keywords: characterized for size, drug loading, and in vitro relezse L havior. pH and viscosity of the hydrogel
Doxorubicin were also evaluated. Ex vivo permeation throi’s.. 2t'si 'n was investigated for DOX solution, DOX in
Hyaluronic acid hydrogel, and DOX-PMs-hydrogel. Finally, < titur or ac. ity and flow cytometry analysis were also
E)’IdrogeJ el performed on the B16F10 cell line.

S(k’iznggrrllcce?“ce € Results: Size and drug loading of mic =lles were . “out 221.4+27 nm and 4.32+0.4%, respectively.

pH values, and viscosity of hydrogel we = 4.51+0.02, and 3.2 Pa.s, respectively. DOX was released
in a burst and sustained manner after 72 1.- Results showed that micelles markedly enhanced DOX
permeation, achieving a 2.1-fold incre *se ov. r free drug and a 9.2-fold increase over hydrogel. DOX
micelles exhibited lower cytotoxic ..ctiv. , against BI6F10 cells compared to free DOX, due to the
slower release from the micelles. Sinally, in both quantitative and qualitative flow cytometry analyses,
the cellular uptake was evid< t, ai.." ".e uptake rate was lower than that of free DOX.

Conclusion: The findings i1 Zicaw that a hybrid micelle-hydrogel platform enables controlled delivery
of DOX, enhancing topi “al eff'cacy in skin cancer while minimizing systemic exposure in a patient-
compatible manner

P> Please cite this article as:
Zia-Behbahani M, Parhizkar E, Aghdaie MH, Esf=ma. ri E, Alipour Sh, Ahmadi F. Development of a hybrid micelle-hydrogel system for topical
delivery of doxorubicin to skin cancer cells. Ir' 11 J Bas. ~Med Sci 2026; 29:

Introduction Early detection of skin cancer is crucial for successful

In recent years, skin cai ~er has >merged as one of the
malignancies with a signii. »»*“increase in incidence.
Generally, skin cancer is categorized into two main types:
melanoma and non-melanoma skin cancer (NMSC).
Melanoma arises from pigment-producing cells known
as melanocytes (1). Melanoma is the most common
malignancy, especially among Caucasian populations, and
its incidence has been increasing worldwide. However, the
mortality rate associated with melanoma has remained
stable or has slightly decreased (2). Despite recent advances,
melanoma remains challenging to treat (3). The prognosis
for metastatic melanoma is particularly poor due to its
aggressive nature and resistance to treatment. Although
melanoma represents only approximately 1% of all
malignant skin neoplasms, it remains the most aggressive
and lethal form of skin cancer (2, 4-11).

treatment (12). Over the past few years, several treatment
methods have been approved by the U.S. Food and Drug
Administration (FDA), including surgery, chemotherapy
(e.g., dacarbazine), radiotherapy, photodynamic therapy
(PDT), immunotherapy, or targeted therapy (4).

Overall, there are two primary limitations in skin cancer
treatment: First, side effects that can lead to skin and
gastrointestinal toxicity, typically associated with immune
reactions (13-15). Second, decreased treatment efficacy, which
can result from resistance to immunotherapy, chemotherapy,
targeted therapy, or intralesional treatments (16).

Doxorubicin (DOX) is a therapeutic agent that has been
studied in this context, although it is not approved for skin
cancer. DOX’s fluorescent properties allow it to function as
a marker in drug delivery studies.
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To minimize dose-limiting side effects of DOX, topical
administration is preferred for skin cancer treatment. Studies
suggest that topically administered DOX—either as polymeric
conjugates or loaded into nanosized delivery systems—
can maximize therapeutic efficacy against skin cancers,
including melanoma (17-22). Several studies have evaluated
the cytotoxicity of liposomal DOX on human metastatic
melanoma, showing that it does not elicit a significant response
in the metastatic form of the disease (23-25).

In the current study, the focus is on developing and
evaluating hyaluronic acid (HA)-based polymeric micelles
loaded with DOX. Polymeric micelles (PMs) are among the
most promising systems for overcoming multidrug resistance
and for targeting the tumor site (26). Hyaluronic acid-based
polymeric micelles could act as a skin penetration enhancer
with biodegradable and biocompatible properties (27).

Micelles will then be incorporated within the alginate-
based hydrogel. Hydrogels are three-dimensional networks
of cross-linked hydrophilic polymers. These structures are
swollen by absorbing a large amount of water or biological
fluids while maintaining their network structure. Hydrogels
are advantageous for drug delivery to the skin due to
their high water content and similar permeability and
consistency to living tissues. Sodium alginate (SA) is one of
the most commonly used natural polysaccharides, known
for its unique gel-forming properties in the presence of
multivalent cations in an aqueous environment. It is widely
utilized as a gelling agent in the food industry. The gelation
and cross-linking of alginate occur through the exchange
of sodium ions with multivalent cations. Therefore, it is
anticipated that embedding these micelles within alginate
hydrogels, which provide a water-rich, tissue-mimicking
network, can facilitate localized and controlled delivery o
DOX to skin cancer tissues (28).

Although several studies have developed hybrid micelle-
hydrogel platforms for DOX delivery to tumor celle (s :ch
as PLGA-PEG-PLGA micelles embedded in hyaluroric acia
hydrogel). These systems have predominantly be:n ¢ ~i<.1ed
as injectable in situ-forming systems rathc. tian topical
application. In many studies, the hydro.-l co.nponent
primarily served as a local depot to reu. e . arst release
following intratumoral injecticn, whi > micelles enhanced
intracellular uptake (29-31)) However, umited attention
has been given to adapting . 'ch hybrid architectures for
transdermal chemotherapy, " =2 prolonged surface
residence, controlled diffusion across the stratum corneum,
and minimized systemic exposure are critical. Moreover,
most previously reported systems have focused on tumor
models other than melanoma, despite the unique challenges
associated with treating superficial skin malignancies (32-
35). Therefore, the development of an HA-based micelle-
hydrogel platform specifically tailored for topical melanoma
therapy remains insufficiently explored. The present work
aims to address this gap by investigating the potential of a
topical hybrid delivery system—composed of oleic acid-
modified hyaluronic acid micelles incorporated into a
calcium alginate hydrogel—for localized, controlled delivery
of DOX to skin cancer cells. Since DOX is not yet FDA-
approved for use in skin cancer therapy, this work also aims
to explore its potential as a candidate for this indication.

Materials and Methods
Materials

Hyaluronan (HA) (Mw = 15,000 g/mol) was
2
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purchased from Biosynth Ltd (United Kingdom). Oleic
acid, Doxorubicin (DOX), 4-Dimethylaminopyridine
(DMAP), 1-ethyl-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), Dimethyl sulfoxide (DMSO),
Acetonitrile (HPLC grade, 99.9%) were obtained from
Merck  (Germany).  3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) was purchased from
Sigma-Aldrich (USA). All reagents were of commercial
grade. Deionized water (DIW) was used in all of the
experiments of this study.

Synthesis and characterization of sodium oleyl hyaluronan

Hyaluronic Acid (0.5 g, 1.25 mmol) was dissolved in 10
ml of distilled water overnight. In another flask, oleic acid
(0.39 ml, 1.25 mmol) was activated by EDC (0.15 ml, 1.25
mmol) and DMAP in DMSO (5 ml) (36). The formation of
the active ester intermediate was performed overnight at
room temperature. This solution was then added to the HA
solution, and the reaction miatare was stirred for 12 hr at
25 °C. The reaction mixture w. ~ completely dialyzed against
DIW/ethanol (70/30) and lyop. ilized to obtain HA-C18
copolymer.

The composition and . ‘ructiire of the copolymer were
analyzed using a 300 M. 7 11 NMR spectrometer (Bruker
AV-500, Germany’

Measurc. ent )f cri.‘zal micelle concentration (CMC)

CMC o1 ‘he HA-C18 polymer was determined using
py: ne as a hsrescence probe (37). Initially, pyrene was
dissc.. »d in acetone, and the solvent was completely
evasoral . Subsequently, HA-C18 aqueous solutions
w.ith “wicentrations ranging from 1.0 x 107 to 5.0 x 107"
mg/ nl were added to the pyrene residue. The resulting
nuxtures were sonicated for 30 min and then kept at room
cemperature in the dark overnight to allow equilibration
prior to fluorescence measurement.

Fluorescence spectra were obtained using a fluorescence
spectrometer (Bio-Tek Instruments Inc., USA). The
excitation wavelength was set to 336 nm, and emission
spectra were recorded from 360 nm to 450 nm. The CMC
of HA-C18 was determined from the crossover point in the
plot of the fluorescence intensity ratio of the third peak (I5,
384 nm) to the first peak (I;, 373 nm) versus the logarithm
of polymer concentration (37).

Preparation of DOX-loaded HA-C18 micelles
DOX-loaded HA-C18 micelles were prepared by the
film dispersion method (27). Briefly, the HA-C18 polymer
and DOX (as base) were separately dissolved in DIW and
chloroform, respectively. After mixing, the organic solvent
was completely removed from the resulting mixture using a
rotary vacuum evaporator at 40 °C to obtain a dry film. The
film was subsequently dispersed in DIW, and the solution
was centrifuged at 2500 rpm for 15 min to eliminate any
unloaded DOX. Finally, the supernatant was collected and
lyophilized to obtain the dried micellar product.

Optimization and characterization of DOX-loaded HA-
C18 micelles

To optimize the preparation process, a D-optimal plan
was generated using Design-Expert statistical software
(version 13, Stat-Ease Inc., USA). The mass ratio of drug
(DOX) to polymer and the ratio of organic phase to aqueous
phase were two independent variables regarding the highest
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loading of drug for 9 runs. The independent variables and
dependent variable responses are listed in Table 1.

Particle size and size distribution

The average particle size and size distribution of DOX-
loaded HA-C18 micelles were determined by dynamic light
scattering (DLS) with a nanoparticle size analyzer (Horiba
SZ-100, Japan). All measurements were conducted in
triplicate at room temperature.

Transmission electron microscopy (TEM)

A drop of DOX-loaded HA-C18 micelle solution (0.5
mg/ml) was placed onto a copper grid and subsequently
stained with a drop of 2% (w/v) phosphotungstic acid.
The sample was then air-dried. The morphology of the
DOX-loaded HA-C18 micelles was observed using a JEM-
1400 transmission electron microscope (LEO, Germany)
following standard procedures (36).

Assessment of drug entrapment efficiency (EE%) and drug
loading (DL%)

To determine DOX content in the micelles, three
milliliters of a DOX-loaded HA-C18 micellar solution were
diluted with methanol, treated with ultrasonication for
3 min, and centrifuged at 5000 rpm for 5 min. DOX content
was measured by UV spectrophotometry at 253 nm using
a calibration curve (R* = 0.9989), with a limit of detection
(LOD) and limit of quantification (LOQ) of 244.49 + 0.002 ng/
ml and 740.88 + 0.002 ng/ml, respectively (38). Drug loading
content (DL, wt%) and drug entrapment efficiency (EE, wt%)
were calculated according to the following equations:

Equation 1: DL = (amount of loaded drug/amount of drug-
loaded micelle) x 100%

Equation 2: EE = (amount of loaded drug / initial amc it ¢ f
drug added) x 100%

Preparation and characterization of 1 icelle-loaded
hydrogel

DOX-loaded HA-C18 micelles . ~re ~added to a
sodium alginate solution 1%; and the m xture was stirred
overnight. Then, a 4% (w/y) calcium <iioride solution was
added dropwise to the hya ogel to cross-link it. pH of the
hydrogel was determined 1. *ririicate using a Sartorius
PB-10 calibrated pH meter (Sartorius, Germany). Data are
presented as mean * standard deviation. The spreadability of
the hydrogel was measured by the two-glass plate method.
Half a gram of gel was placed on a glass slide, and a second
glass slide weighing 42 g was positioned over it. The gel was
allowed to spread under this load for 3 min, after which the
diameter of the spread area was measured. The procedure
was repeated with additional weights of 200 g and 500 g
applied sequentially, each followed by a 3-min spreading
period and measurement. The resulting spread areas were
calculated and reported. All measurements were conducted
in triplicate to guarantee accuracy and reproducibility
(39). In addition, the storage stability of hydrogels was
evaluated at 0, 1, and 3 months by determining the active
pharmaceutical ingredient (API) content. Furthermore,
the rheological characteristics of the hydrogel were
studied using a Brookfield R/S Plus Rheometer (Brookfield
Viscometer Ltd, Harlow, Essex, UK) fitted with a spindle
and a Eurotherm cone/plate geometry to obtain viscosity
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and shear stress as a function of shear rate (40).

In vitro release study of micelle and hydrogel

The release behavior of DOX from HA-C18 micelle and
hydrogel was evaluated using a membrane-less method
in phosphate-buffered saline (PBS) at pH 7.4, with a pre-
weighed empty glass tube (41). Tween 80 (0.5% w/v) was
added to the solution to achieve sink conditions at 100 rpm
and 37 °C. At determined time points (0.5, 2, 4, 8, 12, and
24 hr), samples were removed and centrifuged at 13,000
rpm for 15 min. The obtained supernatant was sonicated,
and the amount of released DOX was determined by the
validated UV spectrophotometric method (previously
mentioned in 2.5.3). To investigate the release kinetics and
elucidate the drug release mechanisms, DOX release data
were fitted to various kinetic models, including zero-order,
first-order, Higuchi, and Korsmeyer-Peppas equations. All
measurements were performed in triplicate.

Ex vivo drug permeation sy ‘dy

The ex vivo permeation‘o. the hydrogel was evaluated
using excised rat skin“i. Freuz diffusion cells under
conditions simulating ' kin { H. Rats were euthanized by
diethyl ether inhalau n .lllowed by cervical dislocation,
and abdominal <k n wa. collected (42). Hair was carefully
removed. ~vitl. 'ut aanaging the skin, which was then
washe< witi PBS. The skin was mounted between the donor
and recc »tor compartments of the diffusion cell, with the
stratum cc meum facing the donor compartment. The
rec "otor conipartment was filled with 36 ml of PBS (pH 7.5)
vith “ween 80 (0.5 % w/v), ensuring contact with the skin
la er. "ne system was maintained at 37 + 0.5 °C throughout
the study, and the medium was stirred at 50 rpm. Different
£ rmulations were placed in the donor compartment,
and 0.5 ml samples were withdrawn from the receptor
compartment at predetermined time points (0, 0.5, 2, 4, 8,
12, and 24 hr). Fresh medium was immediately replaced to
maintain a constant volume. Each sample was mixed with
0.5 ml of methanol, centrifuged, and the drug concentration
was quantified using a validated HPLC method. The mobile
phase consisted of DIW, methanol, and acetonitrile (50:10:40
v/v/v) at a flow rate of 1 ml/min. Detection was performed
using a UV detector at 258 nm, with a runtime of 10 min,
and the calibration curve (R* = 0.9983) showed an LOD of
178.91 + 2.5 ng/ml and an LOQ of 542.16 + 2.5 ng/ml.

In vitro cytotoxicity assay

The cytotoxicity of free DOX and DOX-loaded in micelle
and unloaded micelle was tested by in vitro MTT assay (43).
Briefly, B16-F10 melanoma cells were seeded into 96-well
plates at a density of 5 x 10> cells per well and incubated
for 24 hr at 37 °C for cell growth and attachment. Following
this, the culture medium was removed and replaced with
200 pL of fresh medium containing various concentrations
of the test samples. Cells were treated for 24 and 48 hr. To
determine cell viability, 20 L of MTT solution (5 mg/ml)
was added to each well, and after incubation, cells were
lysed using DMSO. The absorbance was measured using
a microplate reader at 570 nm (test wavelength) and 630
nm (reference wavelength). Cell viability was expressed as
a percentage relative to the untreated control group, which
was set at 100% for each respective time point.

Flow cytometry analysis
The cellular uptake of micelles was investigated using
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1)

inverted fluorescence microscopy and flow cytometry (43).
For the fluorescence microscopy experiments, B16-F10 cells
were seeded into 6-well plates at a density of 1 x 10° cells
per well and incubated overnight at 37 °C. Subsequently,
the culture medium was replaced with serum-free medium
containing either free DOX (DOX-Sol) or DOX-loaded
micelles (DOX-PMs) (equivalent DOX concentration of 8
ug/ml), followed by 4 hr incubation at 37 °C. The cells were
gently washed three times with cold PBS and fixed in 4%
paraformaldehyde. After fixation, they were rinsed three
times with cold PBS and incubated with Hoechst dye (100
ng/ml) for 10 min to stain the nuclei. Following a final
triple wash with cold PBS, the cells were examined using a
fluorescence microscope (Olympus CKX53, Japan).

For flow cytometric analysis, B16-F10 cells were seeded
in 6-well plates at a density of 1 x 10° cells per well and
cultured overnight at 37 °C. The cells were then incubated
with either free DOX or DOX-PMs (equivalent DOX
concentration of 8 pg/ml) for 4 hr at 37 °C. Subsequently,
the cells were trypsinized, and the resulting cell suspensions
were centrifuged at 1000 rpm for 3 min, washed twice
with PBS, and resuspended in 0.5 ml of PBS. Fluorescence
intensity was measured using a flow cytometer (Becton
Dickinson, USA) with an excitation wavelength of 488 nm
and an emission wavelength of 530 nm.

Results

Synthesis characterization of sodium oleyl hyaluronan
The HA-C18 conjugate was synthesized through a series

of esterification reactions. The '"H NMR spectra of HA ana

HA-C18 are presented in Figure 1. All observed sigiais

could be assigned to either acyl or HA moieties:

Al signdls & 09 (6 3H, -CH-CHy), .2-ix
(m, 24H, (_CHZ_)IZ)) 16 (m, 2H, C.— 12—
CO-), 24 (t 2H, -CH,-CO-), 55 (m, 2r. CH=CH)

HA signals: § 2.0 (s, 3H, -NH-COCH3), 2 1-3.9 ', 10H,
skeletal CH), 4.3-4.6 (m, 2H, anomeric-C™Y).

The 1H NMR results confirmes the ucces :ful conjugation
of the octadecyl group to the hyalurc. s acid backbone,
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verifying the formation of the HA-C18 conjugate. Low—
molecular-weight HA was used to prepare derivatives with a
degree of substitution of 13.5%, resulting in products that were
highly soluble in water and low-viscosity, facilitating their self-
assembly into polymeric micelles in an aqueous environment.

CMC of the HA-C18 polymer

The CMC is a key parameter that governs the aggregation
behavior of polymeric micelles in solution, thereby affecting
the self-assembly properties of amphiphilic polymers and
the structural stability of micelles in both in vitro and in
vivo environments (36). The CMC of HA-CI18 in aqueous
solution was determined using fluorescence spectroscopy
with pyrene as a hydrophobic probe. As shown in Figure
2, the fluorescence intensity ra**» (Is/I;) was plotted against
the logarithm of HA-CI18 concentration, and the CMC
was estimated from the thresiic'd concentration at which
micelle formation occurs. Tl HA- 718 polymer exhibited a
low CMC value of 0.0625 ng/m.!, markedly lower than that
of conventional low-riol cul = “weight surfactants (44).

Optimization of “1e m..>~lie preparation process
As m-ntio ed, ‘wo independent variables, including
the mass 1 *io of drug (DOX) to polymer and the ratio of

1.09=
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Figure 2. Plots of I3/I1 against logarithm of the HA-C18 concentration
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Figure 1. (A) Schematic representation of the synthesis of oleyl-hyaluronic acid (HA-C18) and 1H NMR spectrum of HA-C18 polymer
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Table 1. Experimental design and results of the D-Optimal model responses

Independent variables Dependent variable

EE Particle size
Dox/Polymer Oil/Water

% nm
1 0.1 0.5 30.6 226
2 0.2 0.5 37.3 410
3 0.05 0.167 10.1 216
4 0.2 0.167 39.1 399
5 0.05 0.5 10.8 220
6 0.1 0.167 24 230
7 0.2 0.25 40.1 399
8 0.05 0.25 11.3 219
9 0.1 0.25 28.7 230

organic phase to aqueous phase, along with the response
of encapsulation efficiency (EE%) and particle size, were
selected forthefinal optimizationstudiesbased on D-Optimal
design. Table 1 demonstrates the results. ANOVA table for
response surface quadratic model analysis of variance is also
reported (Table 2). In the table, the P-value of the model <
0.05 indicates that the recommended model was significant
for both responses. So, the presence of all of these factors
was necessary to form an effective model; although P-values
for the two factors indicate that the effects of the mass ratio
of drug (DOX) to polymer on the developed model were

N=MS
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significantly high. Based on achieving a smaller particle
size and higher entrapment efficiency (EE%), the optimized
formulation was established with a drug-to-polymer ratio of
1:10 and an organic-to-aqueous phase ratio of 0.25.

The particle size, size distribution, and zeta potential of
the DOX-loaded HA-C18 micelles are shown in Figures 3A
and 3B. The DOX-loaded HA-C18 micellar average size was
approximately 221.4 + 27 nm with a narrow size distribution.
In addition, the particle size of DOX-loaded HA-C18
micelles was within a suitable range for accumulation in
tumor tissue via the enhanced permeability and retention
(EPR) effect (45). The DOX-PMs demonstrated relatively
high stability, as evidenced by their zeta potential values
of -44.3 + 1.55 mV, an electrokinetic parameter commonly
used to assess the stability of colloidal systems. TEM images
of the DOX-loaded HA-C18 micelles are presented in
Figure 3C, showing spherical micellar nanoaggregates with
uniform size and core-shell structures. Moreover, the DOX-
loaded HA-C18 micelles deinonstrated a drug loading
efficiency of about 4.32 + 0.-%; likely resulting from the
strong hydrophobic interaction. and tight entrapment of
DOX within the micellar ¢ore.

Preparation and cnu.cioiization of micelle-loaded
hydrogel

In melarome, the nucroenvironment of the cancerous
tissue is ¥ mica .y ac. lic, with a pH lower than that of normal

Table 2. ANOVA results of D-optimal model developed for design of the experimen®

Source Sum of squares df Meansq. e F-value P-value
Model 1215.47 6 202.58 27.77 0.0352 Significant
Response 1: EE % A-DOX/Polymer 1088.86 1 1088.86 149.26 0.0066
B-Oil/Water 857 2 4.43 0.6079 0.6219
Model 64422.94 6 10737.16 556.05 0.0018 Significant
Response 2: particle size A-DONre mer 59323.46 1 59323.46 3072.24 0.0003
B-Oin . 21.56 2 10.78 0.5582 0.6418
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Figure 3. (A) Particle size, (B) zeta potential, and (C) TEM image of the micelles
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Figure 4. Assessment of the stability of drug content throughout the
storage period at room temperature

skin, due to the metabolic activity of melanoma cells. The
pH of the hydrogel was 4.51 + 0.02, corresponding to the
physiological pH of melanoma. Furthermore, uniform
skin distribution of the product relies on its spreadability.
Improved spreadability facilitates patient compliance and
ensures consistent application. The hydrogel exhibited
spreading areas of 13.63 + 0.24 cm’ (diameter 4.1 c¢m),
23.19 + 0.094 cm? (diameter 5.43 cm), and 37.75 + 0.094
cm’ (diameter 6.93 cm) after placing the 42g glass plate and
applying 200 g and 500 g weights, respectively. These results
indicated a favorable spreading behavior of the hydrogel. As
shown in Figure 4, stability assessment of the hydrogel at
room temperature (25 °C) revealed that the drug content
was almost unchanged within 90 days without significant
reduction (less than 3%) and drug expulsion. In addition
viscosity and shear stress were plotted against shear rate

L
pa =
A ow b

Viscosity (Pa.s)
iy B o]

oS
o in

0 20 4% 60 80
Shear Rate (1/s)

100

120
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for the prepared hydrogel. The sample exhibited a decrease
in viscosity and an increase in shear stress as the shear
rate increased (Figure 5). The slope of the shear stress
versus shear rate curve (apparent viscosity) rises sharply
as the shear rate decreases, confirming the shear-thinning
behavior of alginate-based hydrogel, as presented by
viscosity measurements; the alginate formulation exhibited
a viscosity of 3.2 Pa. (46).

Drug release and kinetic studies

The drug release behavior of DOX-loaded HA-
C18 micelles and hydrogel was investigated through a
membrane-less method in PBS (pH 7.5) containing 1%
Tween 80 at 37 °C. As shown in Figure 6, the DOX-loaded
HA-C18 micelles released 60% of DOX within 24 hr, while
the hydrogel released 40% of DOX during 24 hr. The micelle
and hydrogel exhibited burst release at 0.5 hr, followed by
prolonged release for up to 24 hr.

The initial burst release ob.>rved in the release profile
may be ascribed to the low molecu’ar weight of the polymer,
especially the hydrophobic don. in, which compromises the
structural stability of the n.*-ellar cores and facilitates rapid
diffusion of DOX (47).

To evaluate the it *ics'of DOX release from the micelle
and hydrege,, ‘he lease data from 0.5 to 24 hr were fitted
to zero-v. Jer, drst-c.der, Higuchi, and Korsmeyer-Peppas
kinetic moa.'s.

1he model with both the highest R? and the lowest
percew. error (E%) was recommended as the best-fit
mo lel. £ sed on the data in Table 3, the Higuchi model
bwst ..o the micelle, meeting the specified criterion. Drug
rele-se from the micelle is primarily via Fickian diffusion
(n=0.08). However, the drug release of the hydrogel is
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Figure 5. (a) Viscosity and (b) shear stress as a function of shear rate for the hydrogel at 25 °C
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Table 3. Results of evaluating release kinetics by curve fitting model

Model R? E%
Micelle Zero order 0.9291 -85
First order 0.947 -8.37

Higuchi 0.9461 -8.31

Korsmeyer-Peppas 0.7191 -9.21

Hydrogel Zero order 0.9191 83.32
First order 0.9009 83.61

Higuchi 0.8833 83.74

Korsmeyer-Peppas 0.6782 81.51

based on anomalous transport (n=0.67), and release data
demonstrated a better fit with zero-order and Hixson-
Crowell models. Data are presented in Table 3. Therefore,
the release mechanism is controlled by surface erosion and
structural degradation, not just by diffusion.

Ex vivo drug permeation result

Ex vivo permeation profile of DOX solution, DOX-loaded
hydrogel, and DOX-PMs-hydrogel (DOX-loaded micelle in
hydrogel) was determined through a Franz cell in the same
medium and conditions as the in vitro release study (Figure 6.B).
The results of this study showed that HA-C18 micelles were able
to markedly enhance the transdermal permeation of DOX. In
the Franz diffusion assay, the micelle-containing formulation
transferred considerably higher drug across the skin compared
with both the free DOX solution and the DOX-loaded alginate
hydrogel. After 24 hr, the micellar formulation achieved
approximately a 2.1-fold increase in permeation relative to the
free drug solution and a 9.2-fold increase compared with the
plain alginate hydrogel. These findings clearly indicate that the
micellar structure itself is responsible for the improved skin
penetration of DOX. In addition, the alginate matrix, placed at
the final stage of formulation, primarily functioned as a release-
modulating scaffold.

In vitro cytotoxicity assay
The cytotoxicity of free DOX and DOX-loaded in niicel'e
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Figure 7. Viability of B16F10 cells as a function of DOX concentration
(1.25,2.5, 5, 10, and 20 pg/ml) and incubation time (24 and 48 hr)
DOX: Doxorubicin
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and unloaded micelle was tested by in vitro MTT assay.
According to Figure 7, both free DOX and DOX-PMs
significantly reduced the viability of B16F10 cells as drug
concentration and incubation time increased. IC,_ values of
DOX-PMs after 24-hr and 48-hr treatment were 12.9 pg/ml
and 4.6 pg/ml, respectively. Compared to free DOX, DOX-
PMs demonstrated lower cytotoxicity at equivalent DOX
concentration. Asasmallmolecule, free DOX rapidly diffused
into cells and subsequently reached its active site within the
nucleus through passive diffusion. In contrast, DOX-PMs
were internalized by cells exclusively via endocytosis, and
only the DOX released from the micelles could penetrate the
nucleus. Therefore, it can be concluded that with an increase
in the concentration of DOX in the micelle, cytotoxicity was
enhanced. For instance, at higher concentrations, such as
20 pg/ml, and with a longer incubation time, specifically
a 48-hr period, there was a slight increase in cytotoxicity
compared to the free DOX. This might be explained as well
by the slower release of DOX from the micelle, previously
shown in Figure 5. Overall, dzzing the 48-hr incubation
period, cytotoxicity was signific ntly higher than during the
24-hr period, indicating accumu. tion of DOX in the cells
and increased toxicity.

Flow cytometry analys:s
Cellular uptake of DOX formulations was evaluated in
B16F10 cellsbv flo' > cyto..zciry and fluorescence microscopy.
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Figure 8. Fluorescence microscopy images of DOX solution (DOX-Sol),
Dox micelles (DOX-PMs) after incubation with 1 h (A), 2h (B) and 4 h
(C) in B16F10 cells

Cells were counterstained with Hoechst for nuclei

DOX: Doxorubicin; DOX-PMs: DOX-loaded micelles
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Figure 9. Flow cytometry analysis of cellular uptake of DOX in B16F10
cells after incubation with Free DOX and DOX micelles, for 1 hr, 2 hr, and
4 hr, respectively
DOX: Doxorubicin

According to the fluorescent microscopy images (Figure 8),
cellular uptake of DOX at 1, 2, and 4-hr time intervals was
observed for both free DOX (DOX-Sol) and DOX-loaded
micelles (DOX-PMs) at an equal concentration of 8 pg.
In all images, cellular uptake was evident, indicating that
the micelles were able to deliver DOX into the cells. With
increasing incubation time, cell death increased, consistent
with previously reported studies. However, quantitative
analysis, reported as mean fluorescence intensity, reveals
a noticeable difference (Figure 9). Obviously, DOX was
released from the micelles gradually, which consequently
suggests that the rate of cellular uptake of DOX was
expected to be lower than that of free DOX. This means
that cellular uptake of DOX in all formulations was time-
dependent. However, decreasing this difference over time
indicates a slower release of DOX from the micelles. As
shown in Figure 9, there is no significant difference in the
average fluorescence intensity between free DOX and NOX
loaded micelles at the 1-hr interval. At the 2-hr interval, J»is
difference was significant, indicating the rapid uytake ana
accumulation of free DOX. However, at the 4-he o (oterval,
the DOX released from the micelles showed ¢ znuch higher
accumulation than at the 2-hr interval, 7 ~ain ..._alighting
the slow release of DOX from the micelies.

Discussion

Localized chemotherapy for .<kin cancer remains
clinically challenging dt = to the Intrinsic barrier function
of the stratum corneum, which'leads to sub-therapeutic
concentration of the drug at the site. Nanocarrier-based
topical systems have been proposed to overcome these
limitations; however, many platforms suffer from insufficient
skin retention, burst release, or structural instability. In this
context, the present study introduces a rationally designed
hybrid system that integrates oleic acid—-modified hyaluronic
acid (HA-C18) micelles into an alginate hydrogel matrix to
synergistically enhance dermal penetration, drug retention,
and controlled release. The hybrid system improves DOX
delivery through complementary mechanisms at both the
nanoscale and macroscopic levels. The HA-C18 micelles
enhance drug solubility and facilitate penetration across
the stratum corneum due to their amphiphilic structure
and nanoscale size. The predominant penetration pathway
of the HA vehicle is transcellular (27). Simultaneously, the
alginate hydrogel increases skin retention time and provides
sustained release, ensuring prolonged drug availability at
the application site. The combined effect results in enhanced
transdermal transport, increased local drug concentration
within superficial melanoma tissues, and reduced systemic
exposure compared to free DOX.
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Chemical modification of hyaluronic acid with oleic acid
successfully generated an amphiphilic polymer capable of
self-assembly into stable nano-sized micelles. Modified
polysaccharides can form micelles in water through various
techniques such as film dispersion, dialysis, ultrasonication,
or emulsification, depending on their solubility and swelling
behavior. In this study, DOX-loaded HA-C18 micelles were
prepared using the film dispersion method. The polymer
and drug were dissolved in aqueous and organic solvents,
respectively, followed by solvent removal under reduced
pressure. A dry film was formed and then hydrated to
generate micelles. Self-assembly was driven by hydrophobic
interactions among the grafted octadecyl chains forming
the micellar core, and the hydrophilic HA backbone formed
the shell, providing steric stabilization. The nanoscale
dimension and relatively narrow size distribution indicate
efficient self-organization and colloidal stability, which are
critical parameters for fenhancing skin penetration and
intracellular uptake. Effe. “ive dermal delivery requires the
active compounds to pern cate into deeper skin layers,
particularly the derrnis, where they exert their effects.
Enhancing transdern. »l transport of hydrophobic molecules
is crucial for imp: ving their cutaneous bioavailability.
Previous stu’ie have shown that low-molecular-weight
hyalu»C ic’a id can promote the penetration of both small
ana. >rge iydro, hilicmoleculesinto the skin (27,48,49). The
hydroy "obic core of HA-C18 micelles provided an efficient
reservoir . st DOX encapsulation, improving drug solubility
a. 4 protecting it from premature degradation. Additionally,
alo, 'CMC value suggests that desirable structural integrity
«..: be achieved even at low polymer concentration, and
that the micelles exhibit higher structural stability both in
vitro and in vivo (44). In aqueous media, the zeta potential
ranged from approximately —-40 to -70 mV, depending on
the concentration of the polymeric micelles. These relatively
high absolute zeta potential values indicate excellent to very
good stability of HA polymeric micelles in aqueous solutions
(50). Hence, the negative zeta potential of the polymeric
micelles (-44.3 £ 1.55 mV), originating from the dissociated
carboxyl groups of HA, was theoretically expected to
induce electrostatic repulsion with the negatively charged
stratum corneum and cell membranes and thereby promote
transport of the drug (27, 51). Furthermore, an appropriate
DL% of the polymeric micelle is very important for DOX-
loaded HA-C18 micelle, especially when it is designed for
transdermal delivery.

While polymeric micelles alone can enhance permeation,
they often diffuse rapidly away from the application site
when used topically. Embedding DOX-PMs within an
alginate hydrogel addressed this limitation by introducing
a secondary diffusion barrier and a structural depot effect.
Similar hybrid micelle-hydrogel systems reported in the
literature have shown improved local retention in injectable
or in situ-forming platforms; however, most have focused
on subcutaneous or intratumoral administration rather
than transdermal chemotherapy (32-35). In contrast,
the present study specifically targets topical melanoma
therapy, where prolonged residence time and controlled
release are critical for therapeutic efficacy. Accordingly, the
alginate hydrogel (3.2 Pa-s at 1 s™*) exhibited shear-thinning
behavior, enabling easy spreading during application while
maintaining structural stability and extended retention at
the skin surface (52).

The release profile observed in this study reflects the
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cooperative diffusion provided by both the micellar core
and the alginate hydrogel network. Additionally, kinetic
studies of drug release from carriers are helpful for
identifying the key factors influencing release rates and for
optimizing conditions to achieve the desired in vivo release
profile (53, 54). Consistent with previous reports on HA-
based amphiphilic micelles, which demonstrated markedly
enhanced intradermal deposition of hydrophobic agents
compared with non-micellar systems, our findings confirm
the critical role of micellar architecture in promoting skin
penetration (27). Specifically, the incorporation of HA-C18
micelles resulted in an approximately 2.1-fold increase in
24-hour permeation compared with free DOX and a 9.2-
fold increase relative to alginate hydrogel without micelles,
highlighting the micelles as the primary driver of enhanced
transport. While the alginate matrix did not significantly
improve permeation, it functioned effectively as a release-
modulating depot, ensuring prolonged surface retention and
potentially limiting systemic exposure (29, 55). DOX has
been reported to exhibit similar release profiles in micellar
and micelle-hydrogel hybrid systems, where release kinetics
are mainly governed by diffusion from the micellar core
rate (29). However, in the present study, drug release was
predominantly controlled by hydrogel matrix erosion and
geometric structural changes, resulting in a nearly constant
release rate (56). By balancing enhanced penetration with
controlled retention, this hybrid platform also reduces the
likelihood of DOX entering the bloodstream in clinically
significant amounts while preserving the micelle’s ability to
facilitate drug penetration into the targeted superficial layers.

The in vitro cytotoxicity results showed lower ICs, values
for free DOX than DOX-PMs, reflecting its rapid passive
diffusion into cells and immediate nuclear accumulation (50,
57-59). In contrast, micellar DOX required endocytic uptak?
and subsequent intracellular release, leading to a slewes
onset of cytotoxicity. However, both cytotoxicity anc fiow
cytometry analyses demonstrated a time-dependert inc: >
in intracellular accumulation for the micellar ‘orn. lation,
indicating sustained drug release and progres.ive cellular
uptake. These findings suggest that miceilar ncepsulation
modifies the delivery kinetics of ?OX, pr« viding prolonged
intracellular exposure that m1iy be advantageous for
controlled and localized melanomn. theraps.

Collectively, this study advance. ie field of localized
chemotherapyby demonstrating that the strategicintegration
of amphiphilic HA-based micelles with a biocompatible
hydrogel matrix can simultaneously overcome multiple
barriers—penetration, retention, and release control. By
bridging nanotechnology and biomaterial engineering, the
HA-C18 micelle-alginate hydrogel platform represents a
rational and potentially translatable approach to improving
the therapeutic index of DOX in the management of
superficial melanoma.

Conclusion

This study introduces a novel topical delivery platform
that combines oleic acid-modified hyaluronic acid
(HA-C18) micelles with an alginate hydrogel for DOX
administration. The micelles function as potent penetration
enhancers, while the hydrogel provides sustained release
and prolonged skin retention, together enabling superior
transdermal transport compared with free drug or hydrogel
alone. This hybrid design offers significant therapeutic
potential for superficial skin cancer, enabling localized,
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controlled drug delivery with minimized systemic exposure
and providing a translationally relevant, patient-compatible
strategy for localized chemotherapy. Future studies focusing
on in vivo performance and receptor-mediated uptake will
be critical to fully validate and optimize this platform for
clinical application.
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