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Abstract

Background: Melanoma, an aggressive cancer with a poor prognosis, is difficult for early diagnosis, and there are limited drug treatments.
Biologically active molecules, especially polyphenols and flavonoids, have a great therapeutic potential; however, their applications are
limited by low aqueous solubility and bioavailability. Research Design and Methods: The mixture of usnic acid and curcumin was
loaded into the polymer matrices based on hyaluronic acid, with the following polymeric film casting. The anticancer activity of the dual-
molecule-loaded polymeric films was evaluated against lightly pigmented human melanoma SK-MEL 28 and unpigmented melanoma
CVCL-7036 in comparison with the immortalized human keratinocytes HaCaT. Results: Usnic acid/curcumin-loaded biopolymer matri-
ces demonstrated a high selective antitumor toxicity against melanoma SK-MEL 28 and CVCL-7036 cell lines with high biocompatibility
with immortalized human keratinocytes HaCaT. Conclusions: Results highlight the potential of the obtained dual-molecule-loaded thin
films based on hyaluronic acid as topical and safe antitumor therapy systems for local administration for the melanoma treatment. More-
over, due to the intrinsic properties of usnic acid and curcumin, and the biological activity of native hyaluronic acid, it is supposed that
the obtained matrices possess the anti-inflammatory, antioxidant, antibacterial, and wound-healing activities, which are planned to be
confirmed in further investigations.
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1. Introduction age with disruptions in tumor suppressor genes (such as
TP53) and oncogenes (e.g., human gene that encodes a
protein called B-Raf (BRAF)). UVA irradiation (320—400
nm) generates reactive oxygen species (ROS), leading to
the oxidative damage of DNA, causing mutations in tu-
mor suppressor genes (e.g., PTEN). These gene mutations
dysregulate the signaling pathways, such as MAPK/ERK,
PI3K/AKT, and P53, allowing cancer cells to overcome
apoptosis, become immortal, and begin to metastasize [4—
6]. Further tumor growth is supported by the microenviron-
ment, where keratinocytes and fibroblasts affect the prolif-
eration and viability of cancer cells through stem cell fac-

Malignant melanoma typically arises from a benign o (SCF) and endothelin 1 (EDN1) factors [7]. Moreover,
melanocytic nevus through mitotic mutations in normal melanoma has strong immune evasion by PD-L1 and cyto-

melanocytes caused by ultraviolet-induced DNA damage. toxic T-lymphocyte-associated protein 4 (CTLA-4) expres-
UVB irradiation (280-320 nm) causes direct DNA dam-

Melanoma is an aggressive type of skin cancer that
rapidly metastasizes, and despite the possibility of being de-
tected in only 5—-10% of patients, it demonstrates a mortality
equal to 90%. It primarily revealed patients with pale skin
and with atypical moles or large numbers of benign moles
[1], with an average diagnosis age of 57—69 years. How-
ever, a third of all diagnosed cases of melanoma are often
found in young people [2]. Genetic factors and environ-
mental conditions, especially ultraviolet radiation, are the
dominant factors for carcinogenesis development [3].
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sions that suppress the activity of T-killers, accelerating the
growth of the tumor and decreasing the drug sensitivity [8].

Melanoma has a high mutational burden, represent-
ing both germline and somatic mutations, leading to cancer
cell heterogeneity and multidrug resistance, accelerating
the tumor progression from primary lesions to invasion and
metastasis [9]. Germline mutations in the CDKN2A4 gene,
which encodes the tumor suppressor protein pl6INK4a,
cause hereditary susceptibility to melanoma through an au-
tosomal dominant type and increase the risk of the negative
impact of environmental factors such as ultraviolet radia-
tion for carcinogenesis [1]. The microphthalmia-associated
transcription factor (MITF) plays a key role in the regula-
tion of melanocyte activity. The MITF factor influences
melanocyte function by its involvement in phenotypic plas-
ticity and the regulation of MAPK signaling and DNA re-
pair [10]. MITF gene mutations, prevalently somatic, are
often associated with alterations in the PTEN tumor sup-
pressor gene, and its dysregulation leads to disruptions in
the PI3K/AKT signaling pathway, resulting in uncontrolled
cancer cell proliferation, increased cell immortality, and ab-
normal metabolic processes. These alterations are generally
related to advanced-stage tumors with poor prognosis for
patients [4,7].

The development of new therapeutic strategies for
melanoma treatment is challenging due to the limited ef-
ficacy of traditional pharmaceutical cytostatic anticancer
agents such as dacarbazine and temozolomide, which
demonstrate low therapeutic effectiveness and minimal sur-
vival benefit in melanoma compared to other types of can-
cers. Immunotherapy and radiotherapy seem to be more
promising [11], while natural biologically active agents,
especially polyphenols and flavonoids, have attracted in-
terest as a potential synergic component or even indi-
vidual alternative for traditional anticancer agents. For
example, pterostilbene induces melanoma cells apopto-
sis by pro-apoptotic gene upregulation and caspase ac-
tivation [12], gracillin activates autophagy by inhibiting
the PI3K/AKT/mTOR pathways and mitochondrial func-
tion [13], curcumin modulates multiple signaling path-
ways which reduce cancer cell proliferation, promote apop-
tosis, and decrease oxidative DNA stress [14,15], us-
nic acid demonstrate anti-proliferative, pro-apoptotic, anti-
angiogenic, and photoprotective activities combined with
downregulating PD-L1 and disrupt melanoma cell migra-
tion. Moreover, usnic acid is able to reduce melanoma cell
viability and increase the cytotoxic effect of chemothera-
peutic drugs, such as doxorubicin [16—18]. Thus, previous
studies highlight the application potential of biologically
active agents in melanoma treatment strategies through sev-
eral mechanisms.

In this article, we describe the results of anti-cancer
activity obtained for the dual-molecule-loaded polymeric
films against lightly pigmented human melanoma SK-MEL

28 and unpigmented melanoma CVCL-7036 in comparison
with the immortalized human keratinocytes HaCaT.

2. Materials and Methods
2.1 Materials

Hyaluronic acid 1.3 MDa (Rensin Chemicals Limited,
Nanjing, Jiangsu, China) and 2.5 MDa (Amhwa Biopharm
Co., Ltd., Binzhou, Shandong, China); curcumin, and usnic
acid (abcr GmbH, Karlsruhe, Germany); dimethyl sulfox-
ide (DMSO, JSC EKOS-1, Moscow, Russia); distilled wa-
ter (obtained using a laboratory distillation apparatus) were
used.

2.2 Preparation of Polymeric Films

The polymeric films were prepared by the film cast-
ing method from 1.5 wt.% hyaluronic acid polymer solu-
tions. Briefly, hyaluronic acid was dissolved in an equivo-
luminal mixture of distilled water and dimethyl sulfoxide.
Curcumin and usnic acid were loaded into polymeric so-
lutions with the weight ratio to hyaluronic acid equal to
1:15 and 1:30, respectively. The resulting polymer solu-
tions were poured out into Petri dishes and stabilized at 24
°C overnight. Atthe final stage, the Petri dishes were placed
in a drying chamber at 40 °C x 48 h.

2.3 Cell Cultures

The HaCaT cell line was obtained from the Russian
Collection of Cell Cultures (Institute of Cytology RAS,
St. Petersburg, Russia). Melanoma cell lines CVCL-
7036 and SK-MEL 28 were kindly provided by the Lab-
oratory of Biochemical Foundations of Pharmacology and
Tumor Models (N. N. Blokhin Russian Cancer Research
Center). All cell lines were validated by STR profiling
and tested negative for mycoplasma. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (P/S) ((all Sigma-Aldrich, St. Louis,
MO, USA). The cultivation was performed in an incuba-
tor (CO3 incubator Galaxy 170 S, New Brunswick, UK) at
37 °C in an atmosphere with 5% CO,. The fourth and fifth
cell passages of cells were used for the experimental ma-
nipulations.

2.4 Compositions of the Studied Samples

For the experiments, the samples of films based on
high-molecular hyaluronic acid with a molecular weight
of 1.3 MDa and 2.5 MDa, with the addition of curcumin
(CUR) in the ratio of 15 to 1 (by weight), respectively, as
well as the samples of hyaluronic acid (HA) with CUR and
usnic acid (USN) in a ratio of 15:1:0.5, respectively, were
used. The compositions of the HA 1.3 group samples are
presented in Supplementary Table 1.

The compositions of the samples of the group HA 2.5
are presented in Supplementary Table 2.
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Samples were dissolved in distilled water at a concen-
tration of 1.0 mg/mL. Then a series of dilutions was carried
out to achieve the studied concentrations of 100, 50, and
10 pg/mL in DMEM medium. The molar concentrations of
the active substances in the solutions of the samples of the
HA 1.3 group are presented in Supplementary Table 3.

2.5 Cells Viability Test

The WST-1 test was used to assess cell viability. Cells
were seeded in 96-well plates at 1 x 10% cells per well in
100 pL of DMEM medium and stored overnight. To ex-
clude the influence of the studied material and the nutrient
medium, wells with the cell medium and test solutions in
the cell medium were additionally seeded. Each experiment
was carried out in six repetitions. After 72 h of incuba-
tion with sample solutions, 10 uL. of WST-1 reagent was
added to each well, and the plate was incubated for two
hours under the standard conditions. The optical density
was measured at the wavelength of 450 nm using the plate
spectrophotometer (Multiskan FC Microplate Photometer,
Thermo Fisher Scientific, Waltham, MA, USA).

2.6 Cell Migration Study Using the Wound Healing Assay

The wound healing assay was used to evaluate ker-
atinocyte migration [19]. HaCaT and SK-MEL 28 cells
were seeded at 3 x 105 cells per well of a six-well plate
in DMEM. After 48 h of monolayer formation, the cells
were washed with PBS and scratched with a 1.0-milliliter
tip. The medium in all wells was then replaced with de-
pleted DMEM (1% FBS, 1% P/S), and sample solutions
were added to the experimental wells. For HaCaT cells,
samples from group HA 1.3 were used at a concentration
of 50 pg/mL, and for SK-MEL 28 cells, solutions of HA
2.5 CUR USN and HA 2.5 USN were used at a concentra-
tion of 100 pg/mL. Three to six replicates were performed
for each sample. Microphotographs of the same area were
taken at x20 magnification at 0, 3, 6, and 8 h using an
Olympus CKX53 inverted microscope (Olympus Corpo-
ration, Japan). The scratch area was measured using Im-
agel software (NIH, Bethesda, MD, USA), taking the initial
value as 100% and calculating the percentage of closure.

2.7 Statistics and Analysis

The experimental results are presented as the mean
4 standard deviation. Normality was assessed by the
Shapiro—Wilk test. The differences between groups were
tested by one-way ANOVA with Tukey’s post hoc test, and
the effect of the substance and concentration on cell via-
bility and migration was tested by two-way ANOVA with
the same post hoc test. p < 0.05 was considered signifi-
cant. Data analysis was performed using GraphPad Prism
8.0 statistical analysis and visualization software (Graph-
Pad Software, Boston, MA, USA).
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3. Results and Discussion

In this study, curcumin and usnic acid were loaded
into polymeric films based on hyaluronic acid (HA) of two
molecular weights. A slight stimulating effect on CVCL-
7036 and SK-MEL 28 melanoma cells was detected for the
sample with the concentration of 10 pg/mL and HA with a
higher molecular weight (Fig. 1 A). However, at the concen-
tration of 100 png/mL, the samples with the higher molecu-
lar weight HA have the most activity against melanoma. At
the low concentrations of curcumin, no therapeutic effect
was observed, and probably melanoma cells break down
HA into small fragments, which contributes to their activ-
ity, as some authors have found before [20,21]. The molec-
ular weight of HA in the sample with usnic acid did not
affect the activity of the sample; only dose-dependent sup-
pression was observed.

As it is demonstrated in Fig. 1B, curcumin, even at
the maximum concentration, is unable to suppress the pro-
liferation of SK-MEL 28 cells, while the cells themselves
probably contribute to the degradation of HA and thus to the
enhancement of their own proliferation. However, the ad-
dition of usnic acid leads to a significant anti-proliferation
effect. It is noticeable that in the samples with high molec-
ular weight HA, the effect of usnic acid is more significant.
This may be due to the fact that HA with a high molecular
weight is capable of stimulating anti-inflammatory cytokine
IL-10 production, suppressing tumor cell growth, and cre-
ating a physical barrier that prevents cell spread [22,23]. It
is likely that in the case of the SK-MEL 28 line, only the
combination of all three factors (curcumin, usnic acid, HA)
contributes to the effective suppression of melanoma cells.
Since the most pronounced cytotoxic effect was observed
on the SK-MEL 28 melanoma cell line when incubated with
HA 2.5 CUR USN at 100 pg/mL, this sample and this cell
line were used in a subsequent experiment to evaluate cell
migration activity in a scratch test.

Results presented in Fig. 1C demonstrate that the sam-
ples have no cytotoxic effects against HaCaT keratinocytes.
On the contrary, most samples, especially those containing
curcumin and usnic acid, appear to enhance cell viability.
Notably, the combination of HA 1.3 with curcumin and us-
nic acid (HA 1.3 CUR USN) at 50 pg/mL resulted in the
highest increase in metabolic activity. Since the samples of
the HA 1.3 group at the concentration of 50 pg/mL maxi-
mized the viability of a healthy keratinocyte culture, these
samples were chosen for further cell migration experiments.

Experiments with 1.3 and 2.5 MDa HA polymeric
films and usnic acid as pure substances of our polymeric
films demonstrated that the cytotoxicity of the pure com-
ponents follows the same pattern as that of the composite
films (Fig. 2).

HA 2.5 MDa sample in three observed concentrations
has a stimulating effect on SK-MEL 28 melanoma cells.
Whereas 72 h incubation with HA 1.3 MDa shows no sig-
nificant effect on cell culture.
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Fig. 1. Relative viability of CVCL-7036 (A), SK-MEL 28 (B), and HaCaT (C) cells after the incubation with sample solutions for
72 h at concentrations of 10, 50, and 100 pg/mL. Samples: HA 1.3 CUR, HA 1.3 CUR USN, HA 2.5 CUR and HA 2.5 CUR USN.
Results represent mean =+ standard deviation. Data statistical significance levels between treatment and control groups are represented
by asterisks (“*” for p value < 0.05, “**” for p value < 0.01, “*** for p value < 0.001, “****” for p value < 0.0001). All samples

were normalized to untreated controls.
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Fig. 2. Relative viability of SK-MEL 28 cells after incubation with HA 1.3, HA 2.5, and USN sample solutions for 72 h at concen-
trations of 10, 50, and 100 pg/mL. Results represent mean =+ standard deviation. Data statistical significance levels between treatment

and control groups are represented by asterisks (“*” for p value < 0.05, “**” for p value < 0.01, “****” for p value < 0.0001). All

samples were normalized to untreated controls.

The cytotoxicity of pure usnic acid was studied at con-
centrations identical to those in polymeric film solutions 10,
50, and 100 pg/mL. Incubation with usnic acid only in the
highest investigated concentration declines the SK-MEL 28
viability, whereas 50 and 100 pg/mL solutions of HA 2.5
CUR USN polymeric films reduce cells’ viability. It can be
explained by increasing the solubility of usnic acid associ-
ated with HA.

The analysis of cell migration demonstrates the effect
of the different samples on the initial stages of scratch heal-
ing. The scratch test assessed the migratory activity of SK-
MEL 28 melanoma cells based on the decrease in defect
area over time. Scratch sizes were calculated from the mi-
crographs shown in Fig. 3. The average scratch area val-
ues of the control group without added samples were com-
pared with the groups incubated with HA 2.5 CUR USN
100 pg/mL and HA 2.5 USN 100 pg/mL (Fig. 4A,B). No
significant differences from the control were detected in the
scratch test data.
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The analysis of cell migration demonstrates the effect
of the different samples on the initial stages of scratch heal-
ing. To simulate the effect of the sample on normal ker-
atinocytes during the wound closure with topical applica-
tion, a comparison was made between the control group and
two cell cultures treated with HA 1.3 CUR and HA 1.3 CUR
USN sample solutions at a concentration of 50 ng/mL. The
scratch area measurements were calculated from the micro-
graphs shown in Fig. 5. The average percentages of the
scratch closure are summarized in Fig. 6A,B, which illus-
trate the reduction of the dynamics in the scratch area over
time.

In the scratch assay on HaCaT cells at the concentra-
tion of 50 pg/mL, HA 1.3 CUR and HA 1.3 CUR USN sam-
ples demonstrated a decrease in scratch area over the time
comparable to the control (Fig. 5). Because the scratch as-
say was performed under low-serum conditions (1% FBS)
and over a short time window (8 hours), the reduction in
scratch area primarily reflects cell migration rather than
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Fig. 3. Representative image of a monolayer of SK-MEL 28 melanoma cells with scratches after incubation with HA 2.5 CUR

USN and HA 2.5 USN samples at a concentration of 100 pg/mL for 0, 3, 6, 8 h. Fixation of the scratch area. The edges of the scratch
are outlined with a turquoise curve. Scale bar = 0.1 mm.
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Fig. 4. The results of the comparison of the effect of HA 2.5 CUR USN and HA 2.5 USN samples with the concentration of 100
pg/mL on scratch closure in SK-MEL 28 melanoma cells, in percentage after 0, 3, 6, 8 hours. (A) Average percentage of the scratch
closure in SK-MEL 28 cells. (B) Time dependence curves illustrating the dynamics of the scratch closure. Bars and dots on the graphs
represent the mean =+ standard deviation (n = 5). Two-way ANOVA with Tukey’s post hoc test was used for the comparison.
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Fig. 5. Representative image of a monolayer of HaCaT cells with scratches after the incubation with the samples of the HA 1.3
group at the concentration of 50 pg/mL for 0, 3, 6, 8 h. Fixation of the scratch area—the edges of the scratch are marked with a

turquoise curve. Scale bar = 0.1 mm.

A

Average percentage of scratch healing after incubation solutions of
HA 1.3 CUR and HA 1.3 CUR USN at a concentration of 50 pg/mL
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Dynamics of scratch healing when treating samples with solutions of
HA 1.3 CUR and HA 1.3 CUR USN at a concentration of 50 pg/mL
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Fig. 6. The results of the comparison of the effect of HA 1.3 group samples with a solution concentration of 50 pg/mL on scratch
closure on HaCaT cells after adding solutions, in percentage after 0, 3, 6, 8 hours. (A) Average percentage of scratch closure in
HaCaT cells. (B) Time dependence curves illustrating the dynamics of scratch closure. Bars and dots on the graphs represent the mean
=+ standard deviation (n = 3). Two-way ANOVA with Tukey’s post hoc test was used for comparison.

the proliferation. Despite an increase in metabolic activ-
ity (WST-1 assay) in the response to HA 1.3 CUR and HA
1.3 CUR USN, keratinocyte migration remained unchanged
relative to the control. Usnic acid may influence cytoskele-
tal dynamics or cell adhesion properties and lead to a dis-
crepancy between viability and motility [24].
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Analysis of the biological activity of the samples
with different molecular weights of hyaluronic acid (HA)
showed a clear influence of the molecular weight. The sam-
ples containing HA with the molecular weight of 1.3 MDa
(HA 1.3 CUR and HA 1.3 CUR USN) at the concentration
of 50 ng/mL statistically significantly increased the viabil-
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ity of HaCaT cells compared to the control, reaching val-
ues of 1.77 and 1.57 relative units, respectively (Fig. 1A).
At the same time, the corresponding samples with HA 2.5
MDa (HA 2.5 CUR and HA 2.5 CUR USN) did not show a
significant effect on the viability of HaCaT cells at all con-
centrations studied (Fig. 1B). A similar dependence on the
HA molecular weight was also observed in the experiments
on melanoma cells. Moreover, the severity of the cytotoxic
effect was determined not only by the molecular weight of
HA, but also by the composition of the samples, including
the presence of CUR and USN. The observed differences
may be associated with the peculiarities of cellular interac-
tion and bioavailability of components in systems based on
HA of the different molecular weights.

4. Conclusions

The results demonstrate that polymeric films made
from natural hyaluronic acid and loaded with curcumin and
usnic acid have strong potential for melanoma treatment.
When curcumin and usnic acid were used together, they
were synergically effective against melanoma cells such as
CVCL-7036 and SK-MEL 28, while having no harmful ef-
fect on healthy skin cells (HaCaT). These films promote
the growth of healthy cells. Thus, we demonstrated that the
sample HA 1.3 CUR USN is effective against cancer cells
and helps normal cells to survive. The study also found that
the molecular weight of hyaluronic acid affects the perfor-
mance of the films, influencing both on their anticancer ac-
tivity and on their interaction with healthy cells. Thus, these
polymeric films demonstrate both anticancer efficacy and
biocompatibility, making them promising candidates for fu-
ture treatments of melanoma.
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