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Enhancing Penetration Performance and Drug Delivery of
Polymeric Microneedles Using Silica Nanoparticle Coatings

Sohyun Kim, Hyewon Choi, Hyejoong Jeong, Wilfredo Méndez Ortiz, Hwayeong Cheon,
Jae Yong Jeon, Jae Hyeon Lee, Jeong Hwan Han, Kathleen J. Stebe, Daeyeon Lee,*
and Hyunsik Yoon*

Microneedle (MN) technology offers a powerful approach for transdermal
delivery enabling painless injection and facilitating self-administration without
the need for professional assistance. However, the weak mechanical strength
of MNs can lead to inefficient drug delivery and serious skin irritation if the
MNs fracture during administration and leave fragments under the skin.
Thus, the MNs need to be mechanically robust to avoid fracture during
penetration through the skin while maintaining efficient drug delivery. Herein,
the polymer-based MNs with layer-by-layer (LbL) films of silica (SiO2)
nanoparticles (NPs) and a polycation (poly(diallyldimethylammonium
chloride) (PDADMAC)) followed by hydrothermal calcination are reinforced.
The mechanical strength of the MNs is significantly improved after LbL
assembly and shows lower threshold pressure to penetrate skins. Moreover,
their drug loading and releasing properties are significantly enhanced due to
an increase in the surface area and interfacial interaction. These SiO2

nanoparticle-containing LbL thin films have great potential for the surface
modification of 3D microstructured devices such as MNs, as evidenced by
their enhanced mechanical strength and drug coating efficiency that result in
a promising MN drug delivery model.

1. Introduction

Microneedles (MNs) have emerged as an attractive platform to
enable interstitial fluid extraction and painless drug delivery.[1,2]

MNs are actively being explored for drug delivery to treat various
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diseases and conditions, such as tu-
mors, cancer, cardiovascular diseases
and infectious diseases.[3–7] Additionally,
MN-based sensors have gained tremen-
dous attention for real-time diagnosis
and wearable devices.[8–10]Various factors
need to be considered to ensure suc-
cessful insertion of the MNs into the
skin, such as the material, needle ge-
ometries (e.g., height, diameter, tip di-
ameter), and density.[11,12] In particu-
lar, the material that is used for MN
fabrication determines many physical
properties that are important for suc-
cessful transdermal delivery of drugs.

Recently, polymers have been widely
used to fabricate MNs because of
their cost-effectiveness and ease of
processing.[13–15] However, they have a
relatively low Young’s modulus com-
pared to traditional materials that have
been used for MN fabrication, such
as glass, silicon, and metals. Addition-
ally, MNs made with biocompatible
polymers, such as poly(ethylene glycol)

diacrylate (PEGDA), can swell when they are exposed to water
or high humidity, further lowering their stiffness. Because ma-
terials with low Young’s moduli tend to be flexible, MNs made
with a low Young’s modulus material may bend or buckle upon
contact with the skin, negatively affecting their skin penetration.
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Figure 1. Preparation and characterization of the MNs. a) Schematic images showing three-step preparation: photopolymerization, LbL assembly, and
hydrothermal treatment. b) Images of the fabricated MNs. c) SEM images of the MNs showing their surface morphologies. d) SEM‒EDS mapping of
each element showing the distributions of C, O, and Si atoms on the LbL and LbL-HT MNs.

Such a phenomenon reduces the effectiveness of MNs in achiev-
ing the intended drug delivery or sample collection. Therefore,
in the design of MNs, a balance between the toughness and stiff-
ness of the material is needed. MNs should be rigid enough to
penetrate the skin while being sufficiently tough to minimize the
risk of fracturing and causing associated pain or discomfort to
the patient.[14] Identifying a single material that can meet all the
requirements for effective transdermal delivery using MNs can,
thus, be challenging.

Here, we show that MNs made of PEGDA could be mechan-
ically reinforced, and thus, their dermal delivery could be en-
hanced by coating these MNs with layer-by-layer (LbL) films
containing silica (SiO2) nanoparticles (NPs). The LbL assembly
method enabled the precise control over the thickness and com-
position of the coating without significantly altering the geometry
of the MNs. Positively charged poly(diallyldimethylammonium
chloride) (PDADMAC) and negatively charged SiO2 NPs were al-
ternatively deposited on the surface of photopolymerized PEGDA
MNs. The LbL-modified MNs were hydrothermally treated to in-
duce sintering between SiO2 NPs. After the treatment, we coat
colored dyes on the MNs and investigate their release behav-
ior from the surface. In addition, we conduct mechanical tests
and compare the pressure threshold for skin penetration using
porcine skins and live animals. Our results show that LbL assem-
bly followed by the hydrothermal treatment is an effective rein-
forcement method to enhance skin penetration, and in turn, re-
sulting drug loading and release properties.

2. Result and Discussion

Figure 1a illustrates the three steps to produce SiO2 NP-
reinforced MNs via LbL assembly and a subsequent hydrother-
mal process. In a previous study, we fabricated PEGDA-based
MNs via photolithography.[16] The fabricated MNs (width =
150 μm, height = 350 μm), as shown in Figure 1b, were exposed

to UV to complete curing and pretreated with oxygen plasma
to generate surface charge for LbL assembly. Since the MN sur-
face was negatively charged via oxygen plasma treatment, the
MN patches were first dipped in the cationic PDADMAC so-
lution. Subsequently, the positively charged MN samples were
dipped in the negatively charged SiO2 NP suspension, followed
by three rinsing steps. This sequential deposition of PDADMAC
and SiO2 NPs was repeated to acquire a thin film of a desired
thickness. After finishing LbL assembly, the samples were placed
in an autoclave for hydrothermal treatment. Hydrothermal treat-
ment of SiO2 NP-containing LbL films has been shown to dra-
matically enhance their mechanical durability.[17] Similar to Ost-
wald ripening, particles with smaller sizes dissolve owing to their
high solubility and then precipitate in the high-curvature region
to form these necks between contacting NPs under hydrother-
mal conditions.[17–19] Compared to thermal sintering, which re-
quires a high temperature over 400 °C to achieve sintering be-
tween SiO2 NPs, the temperature needed for hydrothermal treat-
ment is moderate (123 °C) which enables mechanical reinforce-
ment of SiO2 NP-containing films on supports that have a low
degradation temperature, such as polymers.

SEM images of the unmodified MNs (bare MNs), LbL-
modified MNs (LbL MNs), and hydrothermally treated MNs (LbL-
HT MNs) are shown in Figure 1c. After the preparation of sam-
ples by photolithography, MNs had wrinkles on their surfaces
due to volume shrinkage.[20,21] The unmodified MNs did not
show nanoscale features on their surfaces, whereas the LbL MNs
and LbL-HT MNs showed nanoscale surface roughness, indicat-
ing the NP coating on the surface of the MNs. The surface of
LbL MNs had spherical NPs, whereas the LbL-HT MNs showed
a smoother surface, confirming the sintering of the SiO2 NPs.
The elemental composition of the outer surface of the thin films
on the MNs, analyzed by energy dispersive X-ray spectroscopy
(EDS), showed that SiO2 NP coatings were uniform on the MN
surfaces as shown in Figure 1d.
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Figure 2. Surface roughness and hydrophilicity of the MNs. a) AFM images showing the surface morphology and roughness values of the bare, LbL and
LbL-HT surfaces. b) Water contact angles of the bare, LbL and LbL-HT surfaces.

Figure 2a shows atomic force microscopy (AFM) images of the
surfaces of the polymerized PEGDA, LbL and LbL-HT films. The
bare PEGDA surface showed a roughness (Rq) value of 0.35 nm,
which correlated to a smooth surface. The LbL-coated surface
showed an Rq value of 11.29 nm, which is much higher than
that of the bare surface due to the presence of SiO2 NPs on the
MN surface. The hydrothermally treated LbL surface showed a
slightly lower Rq value of 8.96 nm; this showed the sintering ef-
fect of the silica nanoparticles after the hydrothermal process. Ad-
ditionally, the presence of silica NPs caused a more hydrophilic
MN surface, as shown in Figure 2b. Bare PEGDA MNs, which
were not coated with SiO2 NPs, showed a water contact angle of
53.5°, while the water contact angle of the LbL MNs decreased
to 8.1° and 37.9°. The decrease in contact angle after the LbL
process, a sign of increased hydrophilicity, can be attributed to
the increase in the surface area and the presence of intercon-
nected nanopores. The increase in contact angles after hydrother-
mal treatment could be explained by the reduction in the surface
area and the porosity.

To characterize the drug delivery capability of the three types
of MN patches, we used a dye as a model compound to evaluate
their loading and release profiles, as shown in Figure 3a. First,
we dipped the MN samples in the dye solutions for a specific
period of time. Subsequently, the dye was released from the MNs
into the phosphate-buffered saline (PBS) solution for an hour.
Sulforhodamine B (SRB), a cationic dye, was used to observe the
dye loading on the MNs because it is a widely used fluorescent
dye as a drug model.[22] Figure 3b shows the images of the SRB-
loaded MNs. Compared to that on the bare MNs, the dye loading
on the LbL MNs and LbL-HT MNs was more uniform throughout
the MN patches.

We also calculated the dye loading capacity for each MN using:

Normalized dye coating capacity =
Mcoated

Mbare
(1)

where Mbare (g) and Mcoated (g) are the mass of the dye loaded on
the bare MNs, and on LbL MNs and LbL-HT MNs, respectively.
To compare the loading capacity, mass increases of MN patches
after loading SRB for 0.5, 1, 4, and 8 h were measured by gravi-
metrically. Figure 3c shows a graph indicating an increase in dye
loading as the dipping time was increased. The drug loading con-
tents continuously increased for up to an hour, at which point the
loading became saturated. The LbL-HT MN patch showed a 2.6-
fold increase in dye loading capacity compared to bare MN. The
LbL MN patch showed a 3.0-fold increase in dye loading capacity.
These results showed that the increased cationic dye loading in
LbL MN and LbL-HT MN patches was likely due to the increase
in electrostatic interaction and surface areas due to the presence
of SiO2 NPs, as shown in Figure 2.

We also investigated the drug release properties of the dye-
loaded MNs, as shown in Figure 3d. SRB were loaded onto
the MNs for an hour and then released in the PBS solution
(pH 7.4) for an hour. The LbL MNs and LbL-HT MNs exhib-
ited higher release amounts than the bare MNs because the
loading capacity was much higher with LbL and LbL HT MNs,
as shown in Figure 3c. Interestingly, LbL-HT MNs showed the
highest release value, although the loading capacity was not
the highest (Figure 3d). The higher release amount of LbL-HT
MNs compared to that of LbL MNs could be due to the loss
of negative charge on in the LbL assembly, weakening the in-
teractions between SRB and the coating, after SiO2 NPs were
sintered.

To assess the impact of these coatings on mechanical robust-
ness of MNs, we conduct mechanical tests on MNs after LbL as-
sembly and hydrothermal treatment. Such mechanical tests have
been used for evaluating the mechanical robustness of features or
roughnesses with high aspect ratio.[23] Because MNs have a high
aspect ratio (above 2 in this study), MNs can be fragile when shear
stress is applied. Figure 4a,b are an illustration and an image of
the experimental setup for the mechanical test, respectively. The
MN patches were placed on sandpaper and dragged horizontally
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Figure 3. Drug coating and release tests of the MNs. a) Experimental setup of the drug coating and release test. (b) Images of the MNs after coating
with sulforhodamine B (SRB) on bare, LbL, LbL-HT MN patches. Scale bars represent 5 mm. c) Dye coating capacity of the MNs using SRB. d) Graph
showing the calibrated concentration of the released SRB in PBS (pH = 7.4).

with a weight of 300 g. We noted that the MNs did not break until
we placed a weight of 200 g; this was considered a much harsher
condition compared to the robustness test of other reports.[23]

The fracture fraction was calculated to evaluate the mechanical
durability of each sample. The fracture fraction is calculated as
follows:

Fracture fraction (%) =
Nfracture

Ntotal
× 100 (2)

where Nfracture is the number of fractured MNs, and Ntotal is the to-
tal number of the original MNs. We defined fracture as breakage

at the base of the MNs. Figure 4c shows a SEM image of bare
MNs after the mechanical test. The fracture fraction obtained
from Figure 4c is 65%. On the other hand, the fracture fraction
can be decreased to 10% after LbL (10 bilayers) -HT treatment as
shown in Figure 4d. As shown in Figure 4e, the fracture fraction
significantly decreased from 62.8% (bare MN arrays) to 22.4%
(LbL MNs) as the thickness of the LbL film on the MNs increased.
Moreover, the hydrothermal treatment further reduced the frac-
ture fraction to 11.0% for the MNs with 10 bilayers. These re-
sults show that coating SiO2 NPs on the MNs via the LbL assem-
bly with higher thickness followed by hydrothermal treatment in-
creased the mechanical robustness of the MNs.

Figure 4. Mechanical tests of the MNs. a) Schematic and b) Image of experimental setup for the mechanical test. SEM images of c) bare MN arrays
and d) LbL-HT MN arrays after mechanical test, e) fracture rate of the MNs with an increasing number of bilayers.
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Figure 5. a) Images of the porcine skin after penetration according to the applied pressure. Scale bars represent 0.5 cm. b) Graph showing the result of
penetration by the applied pressure.

A skin penetration test was performed using cadaver porcine
skin, which has a similar hardness to human skin, using a
load cell to maintain constant pressure. In a previous paper, we
showed that PEGDA MNs could penetrate porcine skin without
any fracture under pressures ranging from 435.6 to 958.2 kPa.[16]

However, since MNs are applied to various areas of the body
for different purposes, such as drug delivery or skin rejuvena-
tion, a smallest possible pressure that induces penetration needs
to be used to ensure the safety and comfort of the individual.
Applying excessive pressure could potentially cause discomfort,
skin damage, or even injury. Therefore, we evaluated the min-
imum pressure needed to penetrate porcine skin for each MN.
Figure 5a shows the experimental setup of the penetration test.
The sample was laid on porcine skin, and pressures of 21.8 kPa,
87.1 kPa, 217.8 kPa, and 348.4 kPa were applied. Figure 5b shows
porcine skin after penetration with MNs under different condi-
tions. When we applied a pressure of 87.11 kPa, the bare MNs
could not penetrate the skin. However, the LbL MNs and the LbL-
HT MNs could penetrate the skin. Figure 5c shows a graph in-
dicating how each MN penetrated porcine skin by applying pres-
sure. The bare MNs were not able to penetrate porcine skin un-
der pressures of 21.8 and 87.1 kPa, but full penetration was at-
tained when the pressure reached 348.4 kPa. The LbL MNs pen-
etrated the skin under pressures of 21.8 and 87.1 kPa; however
they had incomplete penetration, which could reduce the drug
delivery efficiency. The LbL-HT MNs showed complete and suc-
cessful penetration even under a pressure of 21.8 kPa. The MNs
reinforced by SiO2 NPs became stiffer and did not buckle during
penetration, which could be the reason for the lower pressure
threshold. We note that the LbL coating does not significantly af-
fect the swelling of the MNs. The swelling ratio of MNs are less
than 5% after dipping the sample in water bath for 24 h (Table
S1, Supporting Information). The swelling ratio is smaller than
other report because of the low MW (250 Da) of PEGDA prepoly-
mer; the swelling ratio remains low when the MW of prepoly-
mer is small.[24] Furthermore, the enhancement of mechanical

robustness after LbL and LbL-HT shows that the swelling effect
is negligible because we used the treated MNs after drying.

We also evaluated the penetrability of the MNs using a living
rat model (Figure 6). Figure 6a shows a living rat after remov-
ing the dorsal skin by electric clippers and depilatory cream on
the back. We applied the MN samples to the rat dorsal skin for
1 min. Figure 6b shows the histological image of the rat skin be-
fore applying MNs. We extracted the skin and stained it to ob-
serve the punctured tissue. As shown in Figure 6c,d, the LbL and
LbL-HT MNs successfully penetrated the epidermal skin of living
animal and reached the dermal tissue. Figure 6e shows a graph of
cell viability test based on the standard of cytotoxicity (ISO 10993-
5:2009).[25,26] After the elution of MN samples in water bath, the
solution is treated on the human skin fibroblast cells in the as-
say. When the solution is diluted with water, the cell viability was
100%, which indicated negligible effect on cells. The viability was
dropped to 77.8% when the solution is not diluted (100% in the x-
axis), but it satisfied the standard of non-cytotoxicity (above 70%
in the highest concentration).

3. Conclusion

Polymeric MNs are an ideal transdermal platform for diagno-
sis and treatment due to their processability and biocompatibil-
ity. However, they need high pressure for successful penetration
due to the lack of stiffness. In this study, we engineered poly-
meric MNs with LbL thin films containing SiO2 NPs for enhanc-
ing drug loading and mechanical strength. The LbL assembly
enabled facile control of the physical properties without chang-
ing the MN geometry. Additionally, the film was hydrothermally
treated to further enhance drug release and mechanical strength.
The LbL thin film-coated MNs showed the highest drug coating,
while hydrothermally treated LbL thin film-coated MNs showed
the highest drug release, indicating high drug delivery efficiency.
The LbL thin film-coated MNs showed high resistance to frac-
ture during the mechanical test and successful penetration at
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Figure 6. Evaluation of in vivo penetration test and in vitro cell viability. a) Image of a rat for historical tests. b) Image of the control rat skin. Images of
rat dorsal skin punctured using c) LbL MNs and d) LbL-HT MNs. e) In vitro cytotoxicity evaluation of LbL-HT MNs.

relatively low pressures. The hydrothermally treated LbL thin
film-coated MNs exhibited even higher resistance to fracture
under the mechanical test than the other MNs and penetrated
porcine and rat skin under the lowest pressure. The LbL assembly
of SiO2 NPs accompanied by hydrothermal calcination could be
applied to many different types of polymer-based microdevices
to improve their mechanical properties and thus enhance their
functionality.

4. Experimental Section
Preparation of Materials: Poly(ethylene glycol) diacrylate (PEGDA,

molecular weight: 250), photoinitiator (PI) 2,2-dimethoxy-2-phenyl ace-
tophenone (Irgacure 651), poly(diallyldimethylammonium chloride) so-
lution (PDADMAC, average molecular weight: 200 000–350 000), Lu-
dox TM-50 (diameter 22 nm, 50 wt% suspension in water), sodium
chloride (NaCl), sodium hydroxide (NaOH), fluorescein isothiocyanate
(FITC), rhodamine B (RhB), methylene blue, methyl orange, and sulforho-
damine B (SRB) were purchased from Sigma‒Aldrich. Polydimethylsilox-
ane (PDMS) was purchased from Dow Corning (SYLGARD 184, with 10%
curing agent).

Preparation of the Polymeric MNs: A PDMS chamber with inlet holes
was prepared and covered with a polyethylene terephthalate (PET) film.
The PET film (SKC, Korea) was used as a substrate for MNs produced
by photopolymerization because of its thin thickness (50 μm) and high
transmittance (>90%). The prepolymer (PEGDA + 5 wt% PI) was added
into the PDMS chamber through the inlet hole. Thereafter, the sample was
placed under a photomask and exposed to UV light using a Fusion Cure
360 (MINUTA Tech).[16] The uncured prepolymer was removed by washing
with ethanol, and the remaining MNs were fully cured for 2 h. A Fusion
Cure 360 (MINUTA Tech, Republic of Korea) UV curing device (5.0 mW
cm−2) was used to cure the prepolymer.

LbL Assembly and Hydrothermal Treatment of the PEGDA MNs: The
LbL assembly was performed both manually and automatically. Automatic
dipping was performed using an HMS Series programmable slide stainer
(Carl Zeiss, Germany). Eight baths containing two species (PDADMAC
and SiO2 dispersed in water) were prepared for the washing steps, and
six water baths were used for washing steps. Then, solutions of 0.01 m
PADAMAC (4.042 g), 0.1 m NaCl (7.305 g NaCl in 496 mL DI water), and
10 mg mL−1 Ludox TM-50 (5 g in 500 mL DI water) were prepared.

The cycle time was 15 min for deposition and 2 min, 1 min, and 1 min
for washing. The samples were treated with plasma (oxygen plasma for
10 s at 250 mTorr) to generate an initial charge on the surface. The baths
were cleansed with detergent and cleaned with 1.0 m NaOH solution un-

der sonication for an hour to remove any remaining organic matter. Hy-
drothermal treatment was performed using an autoclave (ETC Steriliza-
tion Systems, USA). The samples were placed in the autoclave and treated
at 123 °C for an hour. Wafers for measuring film thicknesses were pre-
treated with oxygen plasma and fixed vertically during the process to re-
move watermarks.[17] Figure S1 (Supporting Information) shows the cor-
responding thickness of the layers by the number of the LbL depositions.

Characterization of SiO2 NPs on the PEGDA MNs: To characterize the
MN surface, scanning electron microscopy (SEM) images were obtained
using a Quanta 600 FEG ESEM with an acceleration voltage of 5 kV and an
EM-30 (COXEM, Republic of Korea) with an acceleration voltage of 10 kV.
Energy-dispersive X-ray spectroscopy (EDS) analysis was performed using
secondary electron mode at 10 nm from the surface to isolate the LbL film.

Mechanical Tests of the MNs: To evaluate the mechanical strength of
the MNs, two different mechanical tests were performed. First, to assess
the strength against shear force, an abrasion test using sandpaper was per-
formed. An upside-down MN patch was placed on sandpaper, and 300 g
of weight was placed on the MN patch samples. The MNs were pushed
laterally with a weight to apply shear force on the MNs. The fracture rate
was calculated by counting the broken MNs after applying shear force.

Penetration Tests of the MNs: To evaluate the penetrability of MNs, a
porcine skin sheet, which was purchased from a local butcher shop, was
used as a model skin. Rhodamine B was used as a drug model. The MNs
were dip-coated in rhodamine B solution for an hour and then inserted
into the skin for 1 min.

Drug Coating and Release Test of the MNs: Sulforhodamine B (SRB)
was used as a coating-release model. The MN patches were dipped in the
dye solution for an hour. SRB was used to calculate the drug loading capac-
ity of each MN. Additionally, SRB was coated on the MNs for an hour, and
the fluorescence intensity was measured using FlexStation III (Molecular
Devices, CA, USA) to evaluate the drug release ability. Figure S2 (Support-
ing Information) shows the calibration curve from the concentration of
dyes and their fluorescence intensities.

Characterization of the Films: The thickness of the thin film was mea-
sured using an alpha-SE ellipsometer (J.A. Woollam Inc.). The contact an-
gles of water on the MNs were measured by a Biolin Scientific Attension
goniometer. The surface roughness and morphology of the thin film were
measured by atomic force microscopy (NX10, Park Systems, Republic of
Korea)

Animal Tests: The animal tests were performed at the Asan Institute
for Life Sciences, Asan Medical Center, following the appropriate guide-
lines and regulations set forth by the Institutional Animal Care and Use
Committee (IACUC). The IACUC adheres to the Institute of Laboratory
Animal Resources (ILAR) and Animal Research: Reporting of In Vivo Ex-
periments (ARRIVE) guidelines established by The National Centre for the
Replacement, Refinement and Reduction of Animals in Research (NC3Rs).
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The allocation of animals was performed randomly, without considering
any additional factors or variables. A single investigator conducted all an-
imal experiments and collected the data. Three male SD rats (20 weeks
old, 400–450 g; Ja Bio, Suwon, Republic of Korea) were used for the ex-
periments. Throughout the experiments, the animals were housed under
controlled conditions of constant temperature and humidity, with free ac-
cess to water and food. Before applying the MNs, the animals were anes-
thetized using a combination of tiletamine/zolazepam (50 mg kg−1, Zo-
letil; Virbac, Carros, France) and xylazine (10 mg kg−1, Rumpun, Bayer
Korea, Seoul, Republic of Korea). To ensure accurate results, the fur on
the dorsal skin was completely removed using electric clippers and depila-
tory cream after the animals were anesthetized. After the MNs were tested
on skin divided into 8 regions, histological analysis of the cross-section
where the MNs were applied was performed on the harvested skin. The
skin samples were fixed with 4% formaldehyde, and the animals were sac-
rificed after harvest. The fixed tissues were rinsed with distilled water to
remove the fixative for approximately 2 h. The samples were dehydrated
in graded ethanol, cleared in xylene using a tissue processor (Excelsior
ES, Thermo Fisher Scientific, USA) and embedded in paraffin blocks sec-
tionally using a paraffin embedding station (EG1150H, Leica, Germany).
The paraffin blocks were cut into 4 μm thick sections on a rotary micro-
tome (RM2255, Leica, Germany). The paraffin sections were stained with
hematoxylin and eosin (H&E) to identify the shape of the skin puncture.
This research was conducted using preclinical animal trials and did not in-
corporate materials derived from humans or involve human clinical trials.
The Asan Institute for Life Sciences at Asan Medical Center’s Institutional
Animal Care and Use Committee (IACUC) granted approval for the num-
ber of animals used and oversaw all procedures involving animals in ac-
cordance with established protocols, including those set forth by the ILAR
and ARRIVE guidelines (2022-12-110).

Cytotoxicity Tests: The cell viability test was conducted based on ISO
10993-5:2009. After the elution of MN samples at a concentration of 0.1 g
mL−1 in 37° water bath for 24 h, the eluted water was filtered using a
0.45 μm pore size syringe filter. Human skin fibroblast cells (CCD-986sk)
were used in the assay.
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the author.
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