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ARTICLE INFO ABSTRACT
Keywords: Purpose: The use of drug delivery on nanoparticles has been expanded to improve
PCL, the efficacy of treatment. The aim of the present study was to investigate the effect
LDH, of 7 hydroxy 4 methylcoumarin (hymercromone) loaded on synthesized layered
Gelatin, double hydroxide (LDH)/polycaprolactone (PCL)/gelatin (Gel) nanofibrous
Coumarin, scaffolds on the death of the B16F10 cancer cell line.
Nanofibrous scaffold Methods: The LDH/hymecromone nanchybrid was prepared using a co-
precipitation technique, then incorporated into a PCL/GEL polymer solution and
Article History: fabricated via electrospuning. The scaffold was characterized in terms of its phase,
Submitted: December 20, 2025 morphology, and elemental composition using X-ray diffraction, scanning electron
Revised: April 11, 2026 microscopy, and energy-dispersive X-ray spectroscopy, respectively. Cell viability
Accepted: May 07, 2026 was evaluated through the MTT assay, while a Calcein AM/PI dual-staining kit was
ePublished: May 24, 2026 employed for further analysis using confocal microscopy.

Results: The findings showed that the LDH/hemichromone nanohybrid was
properly synthesized and incorporated into the nanofibrous scaffold. It was also
found that the addition of LDH nanoparticles to the PCL/Gel scaffold improved its
mechanical strength and elongation at break. MTT results revealed that the survival
rate of B16F10 cells treated with drug loaded on PCL/Gel/LDH scaffolds for 72
hours was less than 24 hours. Confocal microscopy results also confirmed the MTT
results and showed that more cell death occurred at 72 hours than at 24 hours. As
the depth of the scaffold approached, the number of cells gradually decreased.
Conclusion: It appears that PCL/Gel/LDH scaffolds can be suitable candidate for
drug loading for therapeutic application in cancer cells.
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Introduction

Melanoma is a malignant skin tumor originating from melanocytes or transformed moles that accounts for 4% of
skin cancers and is responsible for more than 80% of skin cancer deaths.! Melanoma is one of the most challenging
types of skin cancer due to its aggressive behavior, high metastasis rate, multidrug resistance, and high recurrence
rate.>* Imbalance between cell proliferation and death caused by damage to apoptotic pathways is considered to
be one of the causes of its formation, and restoring these pathways through drugs can be one of the methods of its

treatment.®

Coumarins, which are secondary metabolites of plants, fungi, and bacteria, have a benzo-a-pyrone structure and
exhibit anti-inflammatory, antitumor, and antimelanogenic properties.®® They have significant role in inducing
cell death by the regulation of apoptotic molecules and the suppression of anti-apoptotic proteins. 1% They inhibit
metastasis by inducing the expression of angiogenic factors and matrix metalloproteinases.*>*® Hymecromone (7-
hydroxy-4-methylcoumarin), a coumarin derivative, has attracted much attention due to its antimicrobial,
antioxidant, antitumor, antiviral, anti-Alzheimer, and cardio-protective properties.* It has shown great potential
in overcoming drug resistance, reducing chemotherapy side effects, and improving targeted cancer therapies, and

has shown better melanogenic activities than methoxylated coumarins. 516

In recent years, the development of novel drug delivery systems with the aim of achieving better therapeutic
outcomes and fewer side effects has attracted much attention in biomedical research. 1" Electrospun nanofibrous
scaffolds made of biodegradable polymers offer a suitable platform for drug delivery with a high surface-to-
volume ratio, good biocompatibility, and structural similarity to the extracellular matrix.'* 2° Natural polymers
such as gelatin, chitosan, collagen, and silk are ideal candidates for designing biological scaffolds due to their

biocompatibility, degradability, and low immunogenicity. 18 21-23

However, to overcome limitations such as mechanical weakness, their combination with synthetic polymers such
as polycaprolactone (PCL) and PCL -gelatin (PCL/Gel) nanofibrous scaffold can improve mechanical properties

and allow for more precise drug control.?*

It has been reported that the addition of active nanoparticles such as silver, silicates, and graphene to scaffolds, as
well as the combination of hydrophilic natural polymers with synthetic polymers, increases their biological
performance, structure modification, wettability, and bioavailability.?>2"Smart drug carriers of layered double
hydroxides (LDHs) can play a special role in the design of drug delivery systems. Their structures consisting of
divalent and trivalent metal cations offer the possibility of anion exchange and direct loading of anionic drugs into
the interlayer galleries. 2-% High biocompatibility, low cytotoxicity, chemical stability, pH-dependent control,

and cost-effective synthesis make LDHs suitable candidates for the design of smart nanofibrous scaffolds. 3% 32

Incorporation of LDHSs into nanofibrous scaffolds protects drug compounds from enzymatic degradation and
premature release, improves their bioavailability and cellular uptake, and increases the effectiveness of targeted
therapies, especially in combination cancer therapies.®**Thus, the use of LDHSs in the synthesis of scaffolds opens
up horizons for the treatment of chronic, treatment-resistant diseases such as cancers. The aim of the present study
was to investigate the cell death of B16F10 cells cultured on electrospun PCL/Gel nanofibrous scaffolds
containing LDH/hymecromone using MTT assay and confocal microscopy. The synthesized scaffolds were
characterized using X-ray diffraction (XRD), infrared spectrometer (FTIR), scanning electron microscopy, EDX

and tensile tests.
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Materials and Methods
Materials

PCL with an average Mn of 70,000-80,000 g-mol~ and Gel were purchased from Sigma. All other chemicals and
solvents were obtained from Merck (Darmstadt, Germany). 7-Hydroxy-4-methylcoumarin (hymecromone) was

purchased from Sigma-Aldrich.
Preparation and characterization of LDH/ Hymecromone

LDH was synthesized using the coprecipitation method. An aqueous solution of MgCl,-6H,0O (0.6 M) and
AICI;-6H,0 (0.2 M) (3:1 molar ratio) was prepared. Hymecromone solution (0.0003 M) was added dropwise
under stirring and nitrogen atmosphere. The pH was adjusted to 10 and stirred overnight at room temperature. The
precipitate was centrifuged, washed, and freeze-dried. Characterization was performed using XRD and FTIR. A

summary of this method is shown in figure 1A.
Fabrication of Nnanofibrous Scaffolds

PCL and gelatin were dissolved in trifluoroethanol (50:50 wt%) and stirred for 24 h. Electrospuning was
performed at 1 mL/h, 15 cm distance, and 17 kV voltage. Aluminum foil was used as collector. Nanofibers were

vacuum-dried overnight. A summary of this method is shown in figure 1B.
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Figure 1. A summary of preparation and characterization of LDH/ Hymecromone (A) and fabrication of nnanofibrous
scaffolds (B).
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Characterization of scaffolds
SEM was used for morphology analysis (Siemens, D5000-Germany). Samples were gold-coated before imaging.
X-ray energy dispersive analysis (EDX) was used for elemental analysis. Fiber diameter was measured using

Image J. Mechanical properties were evaluated using a universal testing machine.
Fabrication of PCL/GEL/LDH/Hymecromone Nanofibrous Scaffold

To prepare the electrospun solution, polycaprolactone (PCL) and gelatin (GEL) were dissolved in trifluoroethanol
at a weight ratio of 50:50 and stirred continuously for 24 hours. Then, 14 mg of LDH/Hymecromone nanohybrid
powder was added to the polymer solution and stirred for 5 minutes to ensure uniform dispersion. The final pH of
the solution was measured to be approximately 8. For scaffold fabrication, the prepared solution containing 1 wt%
of the nanohybrid was electrospun through a blunt-tip stainless steel needle at a flow rate of 3.5 mL/h utilizing a
syringe pump. The space between the needle tip and the collector was set to 10 cm, and an applied voltage of 17
kV was used. Aluminum foil was employed as the collector to gather the nanofibers. Finally, the fabricated
nanofibrous scaffolds underwent vacuum drying for a duration of 24 hours to remove any residual solvent. A

summary of this method is shown in Diagram 3.
Cell culture study

The mouse melanoma cell line B16F10 obtained from the Pasteur Institute of Iran was cultured in RPMI medium
containing 10% FBS (GIBCO, USA), 100 1U/mL penicillin/streptomycin antibiotics (Sigma, USA) at 37°C with
95% humidity and 5% CO2 in air. After passage 3, the cells were cultured on scaffolds of different groups drug
PCL/GEL, PCL/GEL/LDH, PCL/GEL/LDH/drug, and drug.

MTT assay

B16F10 cells were divided into 4 groups: control (no treatment), drug (hemochromone), PCL/GEL,
PCL/GEL/LDH, and PCL/GEL/LDH/drug and incubated for 48 and 24 hours at 37°C and 5% CO2 atmosphere.
MTT (dimethyl thiazole and diphenyltetrazolium bromide) solution (5 mg/mL RPMI) was added to the cells of
each group, and after 4 hours, 100 uL dimethyl sulfoxide was added to them to form blue formazan crystals. Then,
the optical absorbance of the crystals was measured at a wavelength of 570 nm. A summary of the steps is shown

in figure 2A.
Confocal microscopy study

B16F10 cells were cultured on PCL/GEL and PCL/GEL/LDH/drug scaffolds for 24 and 72 hours and double-
stained using the Calcein-AM/PI kit (Elabscience, Germany). After washing three times with PBS, the samples
were examined by confocal laser microscopy (ZEISS, LSM 800, Germany) at wavelengths of 515 and 617 nm

and studied using ZEN BLACK software. A summary of the steps is shown in figure 2B.
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Figure 2. A summary of MMT assay (A) and confocal microscopy study (B) steps.

preparation and characterization of LDH/ Hymecromone (A) and fabrication of nnanofibrous scaffolds (B).
statistical analysis

Data were expressed as mean + SD. One-way ANOVA was used. p < 0.05 was considered significant.
Results

LDH Characterization

LDH nanoparticles were successfully synthesized by the coprecipitation route. The XRD was conducted to
identify the presence of crystalline LDH structure and LDH/hymecromone nanchybrids. XRD data of pristine and
drug intercalated LDHs are illustrated in figure 3a. As can be seen, the existence of LDH characteristic peaks
correspond to the reflections at (003), (006), and (110). This is consistent with the literature. The XRD pattern
inferred that the hymecromone is successfully intercalated into LDH. To accommodate the hymecromone
molecules, the characteristic peaks are shifted towards lower theta angle because of an increase in the interlayer
spacing. Figure 3b shows the SEM micrographs of LDH nanoparticles. The hexagonal platy particles are well
separated and form well-defined hexagonal crystals. In contrast, LDH/hymecromone showed agglomeration of
nanosheets mainly because of electrostatic interactions between the layers and drug molecules. To investigate the
chemical bonds and functional groups present in LDH and LDH/hymecromone samples, infrared spectroscopy
(FTIR) analysis was used (figure 3D) (36). The FTIR spectrum confirms the crystallization of LDH by the
formation of bonding peaks related to interlayer anions, interlayer water molecules, and O-H bonds related to the

layered double hydroxide (table 1).
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Figure 3. XRD patterns of LDH and LDH/Drug nanocomposite (A). SEM image of mg-Al-LDH (C) LDH/Drug (B). FTIR
spectra of LDH and LDH/ hymecromone (D).

Table 1. Three main regions in the FTIR spectrum.

LDH (Cm?) LDH/hymecromone (Cm™) Indicate

3489.34 3502.22 OH bond

1373.7 1380.44 NOs ions

1609.14 1594.4 Interlayer water
molecules

Electrospun Fiber Characterizations

Figure 4 shows the SEM images of the PCL/Gel/LDH scaffolds. As can be seen, nanofibers are randomly oriented,
smooth and bead-free. The mean fiber thickness was estimated by quantified at least 100 fibers using image
analysis software, Image J. The average fiber diameter in the pristine PCL/Gel, PCL/Gel/LDH (0.1%),
PCL/Gel/LDH (1%), and PCL/Gel/LDH (10%) nanofibers was 0.495, 1.359 pm, 0.492 pm, and 0.729 pm,
respectively (Table 2). Overall, adding a slight amount of LDH to the PCL/Gel fibers increased the mean fiber
diameter compared to pristine PCL/Gel whereas by increasing the LDH concentration from 0.1% to 1% the mean
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fiber diameter declined. As can be seen, upon adding LDH to PCL/Gel, the fiber size distribution is broadened,
from several tens of nanometers to a few hundred microns. The widest fiber size distribution was achieved in the
PCL/Gel/LDH (1%).

The EDX map of the PCL/Gel/LDH (10%) nanofibers are shown in figure 5. Two peaks correspond to Mg and
Al elements in the layered double hydroxide, confirming the uniform distribution of LDH in the PCL/Gel fibers.
One peak is related to the nitrogen element in gelatin, and also, carbon and oxygen elements have appeared as two
high peaks related to PCL. As seen in figure 5, Magnesium and Aluminum are identified by red and green dots,
respectively. Tensile tests were performed on the nanofibers and the results are displayed in figure 6. The
representative stress-strain curves demonstrated the sample that has the highest tensile strength was PCL/Gel
containing 1 wt % LDH, whereas the PCL/Gel/LDH (10%) showed the lowest tensile strength. The incorporation
of LDH nanoparticles into the PCL/Gel nanofibers has increased the ultimate tensile strength. This significant
decline in tensile strength in the PCL/Gel/LDH (10%) is caused by the LDHs agglomeration and stress
concentration. Also, elongation at break has been improved by adding LDH to PCL/Gel nanofibers. This

phenomenon can be attributed to the high surface area and elevated specific stiffness of LDH nanoparticles.
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Figure 4. SEM images of PCL/Gel electrospun scaffolds with different percentages of LDH (scale bars represent 10 pum).
(A) 0% wt (B) 0.1% wt (C) 1% wt (D) 10 % wt. SEM diagram of fibers diameter average of PCL/Gel scaffolds containing
different percentages of LDH (E). p ** < 0.01

Table 2. Average diameter of PCL/ Gel nanofibers containing different percentages of LDH in nanometers.

%LDH 0% 0.1% 1% 10%
Mean 495 1358.9 491.7 728.6
standard 284.6 731.3 255.9 572.2
deviation
SD/SEM 1.74 1.86 1.92 1.13
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Figure 5. EDX analysis of PCL/Gel/LDH (10% wt) scaffold shows peaks of carbon, oxygen, nitrogen, Mg and Al (A, B).
Elemental mapping analysis for the PCL/Gel/LDH scaffold (Al (blue dots) and Mg (green dots) (C, D). Scanning electron
microscopy image of PCL/Gel/LDH/Drug scaffold (E).
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Figure 6. Stress—strain curves of PCL/Gel scaffolds with different percentages of LDH: 0% wt (red), 0.1% wt (blue), 1% wt
(black) and 10% wt (yellow)

Cell viability and confocal microscopy Study

The MTT assay was used to assess the survival rate of cultured B16F10 cells on different treatments of PCL/ Gel,
PCL/ Gel /LDH, PCL/ Gel /LDH/Drug, and drug alone. figure 7 shows a significant increase in survival rate of
B16F10 cells cultured on PCL/ Gel and PCL/ Gel /LDH compared to control group cells after 24h incubation
respectively (P<0.05, P<0.01). The difference between the above groups was more significant after 72 hours of
treatment compared to 24 hours (P<0.01 and P<0001). These results indicate a positive effect of PCL/ Gel and
PCL/ Gel /LDH on B16F10 cell survival rates. The results showed that culturing B16F10 cells on scaffold
PCL/Gel /LDH/Drug for 24h and 48h significantly reduced their survival rate compared to control group
(P<00001). The confocal microscopy also confirmed the above results (figure 6, 7). It was observed that cellular
drug uptake in the PCL/Gel /LDH/Drug group increased with time. After a longer incubation time (72h), a

significant reduction in cell number was observed due to the cytotoxic nature of the drug on B16F10 cancer cells.
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Figure 7. The viability rate of B16F10 cells cultured on different scaffolds after 24 and 48 hours of incubation with MTT test.
Asterisks indicate significant differences between control groups and other groups. p * < 0.05, p ** < 0.01, p**** < 0.0001.

Table 3. The average viability of the control group compared to different treatments after 24h and 48h incubation.

Groups control control PCL/Gel PCL/GEL PCL/Gel/ PCL/Gel/ Drug Drug PCL/Gell  PCL/Gell

24h 48h 24h 48h LDH 24h LDH 48h 24h  48h LDH/Drug LDH/Drug

24h 48h

Mean 100 100 136 141.7 140.8 160.4  26.2 226 13.7 8

standard 2.4 4.8 15.9 7.3 15.3 12.2 1.3 0.5 3.5 0.1
deviation
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Figure 8. Cellular uptake of drug loaded on PCL/Gel (A, B), PCL/ Gel / LDH (C, D), PCL/ Gel / LDH/Drug (24h) (E) and 72
(F, G) by B16F10 cell line observed by confocal microscopy.
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Figure9. Confocal images and green fluorescence intensity
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Table 4. green fluorescence intensity obtained from confocal microscopy results.

PCL-Gel- PCL-Gel-
PCL-Gel igh'ee" LDH-Drug  LDH-Drug
(24h) (72h)
mean 28.239 19.543 12.978 8.672
itar.‘d‘?“d 4.116 2.983 1.438 1.353
eviation

Discussion

An ideal drug delivery scaffold should have properties such as biocompatibility, mechanical properties, tunable
biodegradability, and sufficient porosity required for drug incorporation. PCL could be a suitable candidate due

to its biocompatibility that is easier and faster to degrade.®" %

However, it requires structural modifications due to its hydrophobic nature and very slow degradation.® PCL,
with its low melting point and excellent biocompatibility with other polymers, is easily compounded and modified.
In this study, Gel and LDH nanoparticles were added to increase hydrophilicity, enhance cellular uptake, and
enable loading of anionic drugs. We designed a drug delivery system of PCL nanoparticles, Gel, and LDH as
carriers for the drug hymecromone, which aimed to deliver the drug to the target cells. XRD and FTIR analyses
showed that the drug was successfully encapsulated in the interlayer space of LDH layers. In the XRD spectrum
of synthesized LDH, characteristic diffraction peaks were observed at lower 20 angles (sharp and symmetrical
peaks at 11.219° and 22.479°) and higher 20 angles (broad and asymmetric peaks at 34.513°, 38.38°, 60.266°,
61.452°), corresponding to crystal planes (003), (006), (012), (015), (018), (110), and (113). These patterns
indicated a well-ordered layered structure and successful synthesis of LDH via co-precipitation. In the LDH/
hymecromone, shifts in reflections (003) and (006) to lower angles indicated increased interlayer spacing and

replacement of nitrate anions with the anionic drug.

FTIR spectra provided complementary evidence. In the LDH sample, distinct bands appeared at 3489.34 cm™
(OH), 1609.14 cm™ (interlayer H,0), and carbonate ion bands at 844.66, 1373.7, and 629.05 cm™. Low-energy
peaks at 422.7 and 472.07 cm~t were attributed to O—-M-0 honds. In the LDH/Drug spectrum, new bands such as
3502.22 cm™ (OH), 1683.28 cm™ (C=0),1594.4, and 1380.46 cm™ (C=C and methyl group) confirmed the

presence of hymecromone within the LDH structure.

SEM analysis of the nanocomposite scaffold morphology revealed that adding LDH to PCL/Gel significantly
affected fiber diameter. In general, increasing LDH increased the average fiber diameter; however, when LDH
increased from 0.1% to 1%, the average fiber diameter decreased to 867 nm. This phenomenon was linked to
increased electrical conductivity of the electrospun solution. “° Solutions with higher conductivity enhance jet
charge capacity, producing uniform, bead-free nanofibers with smaller diameters. At 0.1% LDH, conductivity
was insufficient, and increased solution viscosity led to larger fiber diameters. EDX elemental analysis confirmed

the presence of Mg and Al, indicating uniform LDH dispersion on the fiber surface.

In terms of mechanical properties, the scaffold containing 1% LDH showed the highest tensile strength, which

was attributed to the reduction in fiber diameter, increased crystallinity, and olecular orientation.*! Overall, the
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addition of LDH increases the mechanical properties of the scaffold compared to the original samples, which is
essential for maintaining structural integrity until the drug reaches the target cells.

Biocompatibility and anticancer efficacy evaluations of PCL/Gel/LDH containing hemichromone yielded
remarkable results. MTT assay showed that the PCL/Gel scaffold was not only nontoxic to B16F10 cells but also
increased cell viability by 41.72%. Furthermore, the use of hemichromone together with LDH nanohybrid in the
nanofibrous scaffold significantly reduced cancer cell viability. While the use of the free drug caused a 75.6%
decrease in cell viability compare to the control group, the drug-loaded PCL/Gel/LDH scaffold led to a 89.15%
reduction. It could be interpreted that the incorporation of LDHs into nanofibrous scaffolds protects drug
compounds from enzymatic degradation and premature release, increases bioavailability, improves cellular
uptake, and enhances the efficacy of targeted therapies, especially in combination cancer therapies. 34 %
Furthermore, this superior performance is attributed to the anion exchange structure of LDH, which allows for
direct loading of anionic drugs and maintains sufficient positive charge to facilitate cellular uptake despite a
relative reduction in surface charge. “>** The cationic framework of LDH also protects drugs from enzymatic
degradation and enables slower release, reducing side effects and increasing drug stability. LDH layers provide a
hydrophilic microenvironment for anionic drugs and act as “molecular containers” for sustained drug release. 3"
45-47 Therefore, after 48 hours of incubation compared to 24 hours, cell viability of B16F10 cells cultured on
PCL/Gel/LDH/Drug scaffolds decreased further.

Confocal microscopy images confirmed the results of the MTT assay. In the PCL/Gel/LDH/Drug group, the
number of viable cells decreased as the depth of the scaffold approached (figure 8, 9) (Table 4). While in the
PCL/Gel group, not only was there no decrease in cell number, but an increase in cell number was observed as
the depth of the scaffold approached. The results imply that the positive charge of LDH and its ability to penetrate
cell membranes is the main obstacle to the effective transport of the drug into the cytoplasm.*4° The findings
demonstrate that integrating LDH/hymecromone into the PCL/Gel scaffold not only improves mechanical and
biocompatibility properties but also enhances its anticancer performance in a 3D cell culture model. These results

align with previous studies on localized drug delivery and highlight the high therapeutic potential of this system.
Conclusion

In the present research, electrospun PCL/Gel/LDH/ hymecromone scaffolds were developed as a novel drug
system for cancer cell death. The combination of polycaprolactone with gelatin enhanced the scaffold’s
hydrophilicity and biodegradability, while the incorporation of LDH nanoparticles improved mechanical
characteristics, including tensile strength and break elongation. SEM imaging and tensile testing revealed that the
scaffold containing LDH exhibited optimal mechanical performance and was selected for subsequent cellular
studies. The results demonstrated that the PCL/Gel/LDH scaffold was biocompatible and non-toxic to B16F10
cells, even promoting cell viability. The successful incorporation of LDH/hemichromone nanohybrids into the
scaffold facilitated cellular drug uptake due to the cationic nature of LDH and enhanced drug stability. These
features resulted in increased apoptosis in B16F10 melanoma cells after 48 and 72 h of incubation compared to
24 h. The present hybrid nanofibrous system appears to show great potential as a biodegradable and effective

platform for topical anticancer drug applications.
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