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Abstract

Background/Objectives: Microneedling is increasingly applied to enhance transepidermal
drug delivery. Calcium hydroxyapatite (CaHA) has recognized biostimulatory properties,
but its delivery and distribution within the dermis remain poorly characterized. This
study aimed to evaluate the efficacy of microneedling for transepidermal CaHA deliv-
ery, focusing on retention, dispersion, and collagen expression, and to investigate the
role of hyaluronidase in modulating these effects. Methods: Fluorescently labeled CaHA
nanopowder was characterized using scanning electron microscopy (SEM) and confocal flu-
orescence microscopy. Nine experimental groups were established, varying microneedling
intensity and hyaluronidase application. Ex vivo porcine skin samples were analyzed histo-
logically for CaHA penetration and distribution. HaCaT keratinocyte cultures were treated
with CaHA, and mRNA expression of collagen types I, III, IV, and MMP-1 was quantified.
Results: High-intensity microneedling improved CaHA retention but caused tissue dam-
age. Low-intensity microneedling showed limited retention, enhanced by hyaluronidase
co-application. In vitro, CaHA increased collagen type III and IV expression, while collagen
type I and MMP-1 remained unchanged. Conclusions: Microneedling effectively delivers
CaHA into the dermis and stimulates collagen remodeling. Optimizing microneedling
intensity is essential to balance efficacy and safety, and hyaluronidase may enhance clinical
outcomes by improving CaHA distribution.

Keywords: microneedling; transepidermal delivery; calcium hydroxyapatite (CaHA);
extracellular matrix remodeling; collagen expression; hyaluronidase; keratinocytes; ex vivo
skin model

1. Introduction
Microneedling has gained widespread recognition as an effective transdermal drug

delivery technique, offering minimal invasiveness while enhancing the penetration of
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bioactive compounds into the skin [1]. This technique involves the creation of microchan-
nels in the epidermis and dermis, facilitating the absorption of therapeutic agents while
simultaneously stimulating collagen production and skin regeneration [2]. Among the
materials utilized for regenerative purposes, calcium hydroxyapatite (CaHA) has been
extensively studied for its biocompatibility [3], ability to promote neocollagenesis [4], and
role in soft tissue augmentation [5]. Recent investigation [6] into the biostimulatory effects
of CaHA suggests that the material provides structural support and induces long-term
collagen synthesis, thereby contributing to sustained skin rejuvenation.

The extracellular matrix (ECM) is pivotal in maintaining skin integrity, with key com-
ponents such as collagen type I and III [7], elastin [8], and glycosaminoglycans contributing
to biomechanical properties. Aging, ultraviolet radiation, and environmental factors lead
to ECM degradation, resulting in loss of skin elasticity, hydration, and overall structural
integrity [9]. Regenerative techniques such as microneedling-mediated delivery of re-
generative actives have emerged as a promising strategy [1]. Studies have demonstrated
that CaHA stimulates fibroblast proliferation and promotes the deposition of new colla-
gen fibers [10], with long-lasting effects surpassing traditional hyaluronic acid fillers [11].
Furthermore, comparative studies indicate that CaHA-based fillers, particularly those
suspended in carboxymethyl cellulose (CMC), exhibit superior rheological properties,
enhanced biostimulation, and improved integration into soft tissues, making them ideal
candidates for aesthetic and therapeutic applications [12].

Keratinocytes, the predominant cell type in the epidermis, play a crucial role in
modulating the skin’s barrier function and responding to external stimuli [13]. The ability of
microneedling to facilitate the direct delivery of CaHA to keratinocytes and deeper dermal
layers enhances its therapeutic potential, ensuring efficient cellular uptake and activation
of regenerative pathways [14]. In addition to their barrier function, keratinocytes have
been shown to actively participate in ECM remodeling by producing collagen, particularly
type IV, which contributes to the structural integrity of the basement membrane and
supports dermal-epidermal interactions [15].

Despite growing evidence supporting microneedling as a method for CaHA delivery,
further research is needed to refine treatment protocols, assess long-term safety, and better
understand its biostimulatory mechanisms. This study aims to evaluate the effectiveness of
microneedling in delivering CaHA into the dermis by examining its penetration, tissue dis-
tribution, and biostimulatory effects. Additionally, it investigates the role of hyaluronidase
in enhancing CaHA dispersion and retention and the potential benefits of combination
therapies for optimizing ECM remodeling and collagen synthesis in an ex vivo skin model.

2. Materials and Methods
2.1. Ethical Approval

Institutional Review Board Statement: This study did not involve live animals. When
animal-derived tissues were used, they were obtained from slaughterhouse by-products
intended for human consumption. Following Brazilian federal law (Law No. 11.794/2008),
their use does not constitute animal experimentation and does not require ethics approval.
Cell culture experiments utilized the immortalized human keratinocyte cell line HaCaT,
acquired from the Banco de Células do Rio de Janeiro (BCRJ, catalog number 0341). This cell
line is registered in the Cellosaurus database (accession CVCL_0038, RRID: CVCL_0038).
The study was approved by the Research Ethics Committee of Universidade Estadual
de Montes Claros (CEP/Unimontes), under protocol CAAE 52760016.9.0000.5146. The
experimental procedure was performed according to the protocol illustrated in Figure 1.
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Figure 1. A schematic representation of the experimental workflow is depicted. The first step con-
sisted of particle characterization by scanning electron microscopy (SEM). As the formulation to be
delivered by microneedling was in liquid suspension, dispersion and morphology were further ana-
lyzed by confocal microscopy to establish the most suitable protocol. Nine experimental groups were
initially evaluated in hematoxylin and eosin (H&E) staining, followed by fluorescence microscopy to
confirm specific product distribution. Fluorescence analysis provided an advantage over H&E, as it
selectively detected the labeled particles, reducing nonspecific signals. Finally, functional validation
was performed using epithelial cell cultures, the primary biological target of the proposed treatment.

2.2. Preparation of CaHA and Hyaluronidase

The CaHA nanopowder (Victalab, São Paulo, Brazil) used in this study is characterized
as spherical, with an average particle size of approximately 160 nm. The manufacturer did not
specify the molecular weight. The material has a density of 1.67 g/cm3 and a purity of ≥97%,
with a zeta potential of −10 mV and a pH of 7.36. CaHA nanopowder was dispersed in a 3%
polyvinylpyrrolidone (PVP; Sigma-Aldrich, St. Louis, MO, USA) solution (3 g PVP in 100 g
distilled water). For uniform distribution, 2 g of CaHA was mixed with 20 mL of this solution
under constant agitation. A hyaluronidase solution (0.1 mL) was prepared with 500 units
of turbidity reduction (UTR) hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA), 5 mg of
adenosine triphosphate (ATP; Sigma-Aldrich), and 1000 IU of catalase (Sigma-Aldrich) in
4 mL of reconstituted stock solution to enhance tissue permeability.

Fluorescent Labeling of Calcium Hydroxyapatite

To enable fluorescence imaging, CaHA was labeled with a 1% fluorescein solution
(Fludiag™ 1% Solução Oftálmica, 3 mL; Latinofarma, São Paulo, Brazil). The stained
product was washed five times in distilled water to remove excess dye and reconstituted in
distilled water for use in experiments.

2.3. Morphological and Structural Analysis

Scanning electron microscopy (SEM): CaHA morphology was visualized using a Prism
E Scanning Electron Microscope (Thermo Fisher Scientific, Waltham, MA, USA) at 30 kV
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with a 4.0 spot size. Samples were affixed on aluminum stubs with carbon tape and imaged
using an Everhart–Thornley secondary electron detector.

Confocal fluorescence microscopy: Labeled CaHA samples were imaged using a Zeiss
LSM 980 Confocal Fluorescence Microscope (Carl Zeiss AG, Oberkochen, Germany) with
Alexa Fluor 488 excitation, under objective lenses ranging from 5× to 40× magnification.
Controls were imaged with enhanced intensity for contrast. Images were saved in TIFF
format with minimal editing.

2.4. Transepidermal Delivery Protocol

The procedure began with the topical application of 0.05 mL of hyaluronidase (Victalab,
São Paulo, Brazil), when applicable, or the corresponding control solution, followed by
a one-minute absorption period. Microneedling was then performed using a motorized
microneedling pen (Tinex Pen, ARTELE Harmonização Facial Ltd.a., São Paulo, Brazil)
fitted with an Aurora Gen III cartridge (1249 CM, Dragoart, Hangzhou, Zhejiang, China),
equipped with 49 stainless steel needles (1.5 mm length, 0.35 mm diameter) arranged in two
slightly curved rows to enhance skin contact during application as described before [16].
The device operates via a vibration/motorized mechanism, enabling precise control of
puncture depth and frequency, and was calibrated to a penetration depth of approximately
0.4 mm. In all cases, only light pressure was applied to the tissue surface. For the study
groups in which enzymatic pretreatment was employed to enhance dermal permeability,
the CaHA formulation was supplemented with 0.1 mL of an enzymatic mixture composed
of 500 units of turbidity reduction (UTR) hyaluronidase, 5 mg adenosine triphosphate (ATP),
and 1000 IU catalase in 4 mL of diluent before application. When applicable, a second
0.05 mL dose of hyaluronidase was manually spread over the same area. Subsequently,
0.05 mL of the CaHA (Victalab, São Paulo, Brazil) used formulation was applied topically
and allowed to air-dry, followed by a final 0.1 mL dose (previously vortexed) administered
in two 0.05 mL fractions with a five-minute interval between applications. For vigorous
microneedling, the procedure was carried out continuously for 1 min over the treatment
area to ensure uniform coverage. For light microneedling, only 10 passes were performed
over the treatment area [16].

2.5. Experimental Design

Nine groups were evaluated to test CaHA application methods and the role
of hyaluronidase:

• Group 1: Topical CaHA and intense microneedling (1 min), no hyaluronidase.
• Group 2: Same as Group 1 and topical hyaluronidase.
• Group 3: CaHA aspirated into microneedling pen and intense microneedling.
• Group 4: Same as Group 3 and topical hyaluronidase.
• Group 5: Light microneedling with CaHA-loaded pen.
• Group 6: Hyaluronidase injected, then light microneedling with CaHA.
• Group 7: Topical hyaluronidase before light microneedling with CaHA.
• Group 8: Negative control (no treatment).
• Group 9: Positive control (direct injection of CaHA, no hyaluronidase).

2.6. Ex Vivo Skin Permeation Analysis

Porcine skin was selected as an ex vivo model to simulate human skin for the assessment
of CaHA (Victalab, São Paulo, Brazil) penetration. Samples were fixed in 10% neutral-
buffered formalin (Ciavicco, São Paulo, SP, Brazil), dehydrated through a graded ethanol
series (Dinâmica, Indaiatuba, SP, Brazil), cleared in xylene (Vetec, Duque de Caxias, RJ, Brazil),
and embedded in paraffin (Synth, Diadema, SP, Brazil) [17]. Tissue sections (3 µm thick) were
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obtained using a microtome (American Optical Spencer 820, Buffalo, NY, USA) and stained
with hematoxylin and eosin (Vetec, Duque de Caxias, RJ, Brazil) for histological evaluation [18].
Slides were scanned using a MoticEasyScan Infinity 60 digital slide scanner (Motic, Hong
Kong, China). For fluorescence analysis, sections containing fluorescein-labeled (Fludiag™
1% Solução Oftálmica, 3 mL; Latinofarma, São Paulo, Brazil) CaHA were mounted with an
antifade mounting medium (ProLong™ Gold Antifade Mountant, Thermo Fisher Scientific,
Waltham, MA, USA) and imaged using appropriate excitation and emission filter settings to
ensure optimal visualization of the labeled particles.

Quantification of CaHA Distribution

Quantitative image analysis was performed using ImageJ/Fiji software (National
Institutes of Health, Bethesda, MD, USA; version not specified, accessed on 10 September
2025). [19]. Images were converted to 8-bit grayscale, and thresholds were set at 0–135
for H&E and 14–121 for fluorescence images [20]. Data from ten fields per sample were
analyzed to ensure consistency.

2.7. Cell Culture

The immortalized human keratinocyte HaCaT cell line was obtained from the Rio
de Janeiro Cell Bank (Banco de Células do Rio de Janeiro, Rio de Janeiro, RJ, Brazil),
which provides quality certificates including short tandem repeat (STR) authentication
and mycoplasma-free certification. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium/F12 (DMEM/F12; Gibco, Billings, MT, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Billings, MT, USA), 400 ng/mL hydrocortisone (Sigma-Aldrich, St.
Louis, MO, USA), and 1% antibiotic/antimycotic solution (Invitrogen, Carlsbad, CA, USA).
Passage numbers were restricted to 30–32 to maintain phenotypic stability. Cultures were
maintained at 37 ◦C in a humidified atmosphere containing 5% CO2 under standardized
conditions (Forma™ Series 3 Water Jacketed CO2 Incubator, Thermo Scientific, Waltham,
MA, USA). For experiments, cells were seeded in six-well plates (Corning Inc., Corning, NY,
USA) at a density of 3 × 105 cells per well [21]. Treatments were initiated once cultures had
reached a minimum of 80% confluence. To synchronize the cell cycle, cells were subjected
to 24 h of complete serum starvation before treatment. Each experiment included at least
three independent biological replicates, and data collection and outcome assessment were
performed in a blinded fashion. All assays were validated to ensure reproducibility, and
results are reported in full according to predefined outcome measures.

2.8. Expression by Real-Time PCR

Total RNA was extracted from dorsal skin tissues using TRIzol™ Reagent (Thermo
Fisher Scientific, Waltham, MA, USA), and residual genomic DNA was removed using
Amplification Grade DNase I (Invitrogen, Carlsbad, CA, USA) as previously described [22].
Gene expression analysis was performed using validated TaqMan® Gene Expression Assays
(Thermo Fisher Scientific, Waltham, MA, USA) for COL1A1 (Hs00164004_m1), COL2A1
(Hs01060345_m1), COL4A1 (Hs00266237_m1), and MMP1 (Hs00899658_m1). The endoge-
nous control was GAPDH (Hs02758991_g1). Reactions were conducted in 384-well plates
using FAM™-MGB probes, with amplification performed on a QuantStudio™ 6 Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA) under standard cycling con-
ditions. All reactions were run in duplicate, and relative gene expression levels were
calculated using the 2−∆∆Ct method.

2.9. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism, version 8.0 (GraphPad
Software, Inc., San Diego, CA, USA). Data distribution was assessed with the Kolmogorov–
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Smirnov and Shapiro–Wilk normality tests. For normally distributed data, parametric
analyses were applied, while nonparametric tests were used when assumptions of normal-
ity were not met. Comparisons among multiple groups were performed using one-way
ANOVA followed by Tukey’s post hoc test (parametric) or Kruskal–Wallis test followed
by Dunn’s multiple comparison test (nonparametric). When only two groups were com-
pared, Student’s t-test (parametric) or Mann–Whitney U test with Bonferroni correction
(nonparametric) was applied. Results are reported as mean ± standard deviation (SD), and
statistical significance was defined as p < 0.05.

3. Results
3.1. CaHA Morphology

Confocal fluorescence microscopy revealed a uniform distribution of CaHA within the
PVP matrix at both 10× and 40× magnifications. SEM analysis confirmed the particulate
and porous morphology of CaHA, supporting its potential for tissue interaction and
biostimulatory effects (Figure 2; Supplementary Figure S14).

 

Figure 2. Characterization of CaHA particles by confocal fluorescence microscopy and scanning
electron microscopy (SEM). CaHA was prepared by diluting 0.8 g of CaHA and 0.8 g of PVP in 1%
sodium fluorescein solution. (A,B) Confocal fluorescence images acquired on a Zeiss LSM 980, showing
CaHA + PVP + fluorescein at magnifications of 10× (0.3 µm objective) (scale bar = 100 µm) and
40× (1.2 µm objective) (scale bar = 20 µm), respectively. The Alexa Fluor 488 laser was used, with a
wavelength of 517 nm. (C,D) SEM images obtained using a Thermo Fisher Prism E scanning electron
microscope in High Vacuum mode with an Everhart-Thornley Detector (ETD) demonstrating the
nanoparticle and porous morphology of CaHA at 3750× (scale bar = 5µm) and 9375× (scale bar = 3 µm).
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3.2. Histological Insights

Histological examination demonstrated distinct differences in CaHA retention across
treatment groups. Intense microneedling, whether performed with topical application
(Supplementary Figures S1 and S2) or direct aspiration into the microneedling pen
(Supplementary Figures S3 and S4), promoted substantial dermal CaHA deposition. The
addition of hyaluronidase did not significantly alter outcomes in these high-intensity pro-
tocols, indicating that mechanical disruption from microneedling was the primary factor
facilitating penetration (Figure 3).

Figure 3. Statistical analyses of CaHA retention in new experimental groups using Graphpad PRISMA
software version 8.0: G1, topical CaHA + intense microneedling; G2, same as G1 + topical hyaluronidase;
G3, CaHA aspirated into the microneedling pen + intense microneedling; G4, same as G3 + topical
hyaluronidase; G5, light microneedling with CaHA pen; G6, hyaluronidase injection followed by
light microneedling with CaHA; G7, topical hyaluronidase before light microneedling with CaHA; G8,
negative control (no treatment); and G9, positive control (direct CaHA injection without hyaluronidase).
Quantitative analysis showed that groups G1–G4 had approximately 2.5–3.0-fold higher CaHA retention
compared to light microneedling groups (G5–G7). Data are shown as mean ± SD of three independent
experiments. * p < 0.01; ** p < 0.001; *** p < 0.0001; **** p < 0.00001.

By contrast, low-intensity microneedling resulted in limited CaHA deposition
(Supplementary Figure S5). When combined with enzymatic modulation, either by
hyaluronidase injection (Supplementary Figure S6) or topical application before mi-
croneedling (Supplementary Figure S7), moderate improvements were observed. However,
retention remained inferior to that achieved with intense protocols. The untreated negative
control confirmed the absence of CaHA (Supplementary Figure S8), whereas the positive
control, direct CaHA injection, showed dense and localized deposition within the dermis
(Supplementary Figure S9). Collectively, these findings demonstrate that microneedling
intensity is the dominant factor in determining intradermal CaHA distribution, with enzy-
matic pretreatment providing only modest enhancement under low-intensity conditions.

3.3. Fluorescence Imaging

Because conventional histology may fail to detect low levels of retained par-
ticles, confocal fluorescence microscopy was used to further assess CaHA distribu-
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tion across the groups. As expected, the negative control showed no fluorescence
(Supplementary Figure S10), whereas the positive control revealed strong localization of
CaHA (Supplementary Figure S11). In groups treated with light microneedling, CaHA
particles were scarcely detected when applied alone (Supplementary Figure S12). However,
pretreatment with topical hyaluronidase markedly improved dermal retention, with fluo-
rescence signals comparable to direct injection (Supplementary Figure S13). Quantitative
analysis confirmed that enzymatic facilitation significantly enhanced intradermal CaHA
distribution under low-intensity conditions (Figure 4).

Figure 4. Confocal fluorescence microscopy of CaHA distribution was performed in porcine skin,



Biomedicines 2025, 13, 2463 9 of 15

with images acquired using a Zeiss LSM 980 microscope. An Alexa Fluor 488 laser with a wavelength
of 517 nm was used. All images were taken using a 40× objective (1.2 µm) (scale bar = 20 µm).
(A) Group 8—Negative control consisted of unprotected pig skin showing a dark background due to
the absence of CaHA (40×). (B) Group 9—Positive control was carried out with a direct injection of
0.1 mL of CaHA without hyaluronidase (40×). (C) Group 5—Light microneedling (30 passes) was
performed with a pen included with 0.1 mL of CaHA (40×). (D) Group 7—Light microneedling
(30 passes) was performed with topical hyaluronidase followed by a pen with CaHA (40×). White
arrowheads indicate CaHA particles. (E) Statistical analyses of CaHA particle distribution among
groups were conducted using Graphpad PRISMA software version 8.0. Threshold-based ImageJ
quantification (range 20–121 AU) was applied uniformly across samples. Negative control (G8)
showed an absence of fluorescence, whereas direct injection (G9) revealed strong intradermal local-
ization. Light microneedling alone (G5) showed minimal signal, while hyaluronidase pretreatment
(G7) increased CaHA retention by approximately threefold compared to G5 (p < 0.001). Data rep-
resent the mean ± SD of three independent experiments. Data are shown as the mean ± SD of
three independent experiments. ** p < 0.001; *** p < 0.0001; **** p < 0.00001.

3.4. Biological Activity of CaHA

At the molecular level, HaCaT keratinocytes exposed to CaHA exhibited significant
upregulation of COL3A1 and COL4A1 mRNA expression, both critical markers of ex-
tracellular matrix remodeling and dermal–epidermal junction integrity. No significant
changes were observed in MMP1 or COL1A1, indicating a selective stimulation of collagens
essential for dermal regeneration, rather than a generalized activation of matrix turnover
(Figure 5).

Figure 5. Analysis of gene expression of collagen types I, III, IV, and MMP-1 after CaHA treatment
was performed on the QuantStudio 6 Flex RT-PCR equipment using a Taqman kit from Applied
Biosystems by Thermo Fisher Scientific. Relative mRNA expression levels of collagen I, III, IV, and
MMP-1 in HaCaT cells after exposure to CaHA nanoparticles are depicted. Group 8 (negative control)
represents untreated cells, while the experimental groups were treated with CaHA. CaHA treatment
significantly increased the expression of collagen III and IV compared to the control. COL3A1
expression increased ~2.3-fold and COL4A1 ~1.9-fold compared to the control, while COL1A1 and
MMP1 remained unchanged. The results are expressed as the mean ± standard deviation of three
independent experiments. Statistical significance is indicated by bars, with p < 0.05. Graphpad Prisma
software version 8.0 was used for statistical analyses.

4. Discussion
The findings of this study contribute to the growing body of evidence supporting

microneedling as an effective method for transepidermal delivery of CaHA, enhancing its
penetration into the skin and stimulating collagen synthesis. By combining microneedling
with CaHA application, this approach introduces an innovative strategy in regenerative
medicine. Unlike conventional rejuvenation techniques that rely on thermal energy or
solely on injectable fillers, microneedling creates controlled microchannels that allow direct
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deposition of the biomaterial into the dermis [23]. This not only improves the bioavailability
of CaHA but also selectively induces the expression of collagen types III and IV [24], which
are critical for extracellular matrix remodeling and dermal–epidermal junction integrity [24].
Overall, the technique emerges as a clinically relevant, minimally invasive, and transla-
tional option for skin rejuvenation and repair in regenerative medicine. The experimental
design was structured to compare microneedling intensities, hyaluronidase modulation,
and delivery methods, since intense microneedling enhances penetration through deeper
microchannels [25], hyaluronidase facilitates extracellular matrix permeability and particle
diffusion [16], filler-loaded microneedling devices improve dermal deposition [26], and
light microneedling offers a clinically relevant, less traumatic alternative [23]. At the same
time, direct CaHA injection remains the gold standard for dermal delivery [14].

The ability of microneedling to create controlled microchannels in the epidermis and
dermis facilitates the diffusion of bioactive compounds while simultaneously triggering an
innate wound-healing response that leads to ECM remodeling [1,26]. This dual function
highlights the potential of microneedling as a valuable tool in regenerative medicine and
aesthetics [27]. The results demonstrate that microneedling alone is sufficient to enhance
CaHA penetration, with high-intensity microneedling leading to significant CaHA deposi-
tion in the tissue, regardless of the presence of hyaluronidase. These findings suggest that
mechanical disruption of the epidermal barrier is the primary determinant of CaHA delivery,
aligning with previous studies highlighting microneedling’s role in facilitating the absorption
of therapeutic agents [14]. However, while high-intensity microneedling enhances CaHA
retention, histological analysis revealed considerable tissue damage in these groups, raising
concerns about excessive mechanical disruption leading to adverse effects such as inflam-
mation, fibrosis, or prolonged recovery time [28]. This underscores the need to establish an
optimal microneedling protocol that maximizes efficacy while minimizing tissue trauma.

Microneedling-assisted delivery of CaHA effectively stimulates collagen production
by introducing biostimulatory fillers into the dermis, promoting neocollagenesis and tissue
remodeling [26]. Similarly, combining microneedling with platelet-rich plasma (PRP) lever-
ages growth factors to enhance collagen synthesis and accelerate healing. Each approach
offers unique advantages and limitations, necessitating consideration of individual patient
needs and treatment goals [29]. Radiofrequency (RF) treatments utilize electromagnetic
waves to generate dermal heat, inducing controlled thermal injury and subsequent collagen
remodeling [30]. While effective in stimulating collagen types I and III, RF does not directly
deliver bioactive compounds like CaHA, limiting targeted regenerative responses [30].

Additionally, RF outcomes may vary due to individual differences in skin thickness
and hydration levels [30]. Interestingly, Photobiomodulation therapies, particularly frac-
tional laser resurfacing, create controlled microthermal zones that trigger wound healing,
effectively reducing fine lines, wrinkles, and scars [31]. However, they are associated with
significant downtime, risk of post-inflammatory hyperpigmentation, and limited suitability
for darker skin tones. In contrast, microneedling causes less epidermal damage and allows
concurrent application of regenerative substances like CaHA, offering a customizable ap-
proach to delivering biostimulatory agents [31]. PRP therapy involves applying autologous
growth factors to stimulate fibroblast activity and increase extracellular matrix components,
including collagen types I and III [32]. However, PRP efficacy can be variable due to differ-
ences in platelet concentrations, preparation methods, and patient-specific factors. Unlike
CaHA, PRP does not provide structural dermal support, and its effects are often transient,
requiring multiple sessions for sustained results [32]. Injectable biostimulatory fillers like
poly-L-lactic acid (PLLA) induce neocollagenesis through a controlled inflammatory re-
sponse, acting as scaffolds that stimulate fibroblast proliferation and collagen deposition
over several months [33]. Unlike traditional injection methods, which require subdermal
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placement to avoid dermal irregularities, microneedling creates controlled microchannels
that directly diffuse CaHA particles into the dermal layer [10].

The comparison between microneedling-assisted CaHA delivery and these alternative
techniques highlights its unique advantages [26]. Unlike RF and laser therapies, which
rely on thermal energy to induce collagen remodeling, microneedling enables direct me-
chanical penetration of CaHA into the dermis, ensuring precise deposition at targeted
depths [34]. Compared to PRP [35], CaHA offers a more consistent and predictable regen-
erative response by providing an exogenous biostimulatory agent that actively induces
collagen synthesis [4]. Furthermore, unlike PLLA, which requires gradual resorption
and macrophage-mediated neocollagenesis following the delayed breakdown of its mi-
crospheres [36,37], CaHA integrates immediately into soft tissues and promotes sustained
extracellular matrix remodeling, with increased collagen deposition observed as early as
30 days and maintained up to 90 days post-injection [38]. These characteristics suggest that
microneedling-assisted CaHA delivery may offer an optimal balance of efficacy, safety, and
versatility for skin rejuvenation and tissue regeneration.

Despite these advantages, several limitations must be considered. The study was
conducted on ex vivo skin models and immortalized keratinocyte cell lines, which may
not fully replicate the complexity of in vivo biological responses. Future clinical studies
must validate these findings and assess the long-term efficacy and safety of microneedling-
mediated CaHA delivery in human subjects. Another important consideration is the
potential for combining CaHA with other regenerative agents, such as growth factors,
peptides, or PRP, to enhance its biostimulatory effects [10,39]. Synergistic approaches
that leverage multiple regenerative pathways could provide superior clinical outcomes
and expand the applicability of microneedling-assisted CaHA delivery beyond aesthetic
medicine into wound healing, scar revision, and tissue regeneration [39].

Additionally, further investigations should focus on elucidating the molecular mecha-
nisms underlying CaHA-induced collagen synthesis to refine treatment strategies and improve
predictability in clinical practice. This study’s results suggest that topical hyaluronidase under
low-intensity microneedling enhances the distribution and retention of CaHA within the
ECM, potentially compensating for reduced mechanical penetration. This aligns with previous
findings indicating that hyaluronidase can modulate ECM permeability and facilitate the
diffusion of macromolecules by transiently degrading hyaluronic acid-rich barriers [39]. A
limitation of this study is the lack of in vivo or clinical validation. Although the present
findings provide essential in vitro insights, future studies should include animal models and
clinical investigations to validate the translational applicability of the results.

On average, microneedling procedures can reach depths of up to 4 mm. However, in
the case of high-intensity microneedling, the main factor is not only the depth of penetration
but also the degree of tissue disruption. In the present ex vivo study, tissue disruption was
assessed qualitatively, which represents a methodological limitation, as inflammatory or
molecular markers could not be evaluated. From a clinical perspective, this distinction
is crucial: while controlled microinjury is necessary to stimulate collagen production,
excessive tissue damage may increase the risk of fibrosis or scarring. Therefore, establishing
the delicate balance between efficacy and safety remains challenging in this post-mortem
model, underscoring the translational need for in vivo validation.

In conclusion, this study demonstrates that microneedling effectively enhances the
transepidermal delivery of CaHA, promoting the expression of collagen types III and IV
while preserving ECM integrity. High-intensity microneedling increases CaHA penetration
but may lead to tissue damage, emphasizing the need for optimized treatment protocols.
The role of hyaluronidase appears limited under these conditions, but it may enhance
CaHA retention and distribution when mechanical penetration is reduced. Microneedling-
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assisted CaHA delivery offers a unique combination of precise mechanical penetration and
direct biostimulation in the dermis with minimal invasiveness compared to other collagen
stimulation techniques, such as RF and laser treatment. These findings support its clinical
potential for skin rejuvenation and regenerative medicine. Further research is necessary to
refine treatment parameters, confirm long-term safety, and explore combination therapies
for improved regenerative outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines13102463/s1, Figure S1: Topical application of 0.1 mL CaHA
followed by intense microneedling for 1 min, without hyaluronidase. Images at (A) 10× and (B) 40×
show initial CaHA deposition with limited tissue integration; Figure S2: Topical application of 0.1 mL
CaHA followed by intense microneedling for 1 min, with topical hyaluronidase. Images at (A) 10× and
(B) 40× reveal improved CaHA dispersion and dermal distribu-tion compared with Supplementary Figure S1;
Figure S3: CaHA (0.1 mL) aspirated into the microneedling pen and applied with intense mi-croneedling
for 1 min, without hyaluronidase. Images at (A) 10× and (B) 40× demonstrate more homogeneous
delivery than topical application; Figure S4: CaHA (0.1 mL) aspirated into the microneedling pen and
applied with intense mi-croneedling for 1 min, with topical hyaluronidase. Images at (A) 10× and
(B) 40× show enhanced penetration and greater dermal retention compared with Supplementary Figure S3;
Figure S5: Light microneedling (30 repetitions) using a pen loaded with 0.1 mL CaHA. Images at
(A) 10× and (B) 40× indicate minimal CaHA deposition and weak tissue response; Figure S6: Injec-
tion of 0.1 mL hyaluronidase, followed by light microneedling (30 repetitions) with a pen loaded with 0.1 mL
CaHA. Images at (A) 10× and (B) 40× reveal moderate CaHA dispersion, similar to topical hyaluronidase;
Figure S7: Topical hyaluronidase applied before light microneedling (30 repetitions) with a pen loaded with
0.1 mL CaHA. Images at (A) 10× and (B) 40× show significantly improved CaHA retention compared with
Supplementary Figure S5; Figure S8: Negative control, untreated tissue. Images at (A) 10× and (B) 40×
confirm absence of CaHA, with preserved tissue architecture; Figure S9: Positive control, direct injection
of 0.1 mL CaHA without hyaluronidase. Images at (A) 10× and (B) 40× demonstrate dense CaHA de-
position and strong dermal localization; Figure S10: Negative control, untreated ex vivo pig skin tissue.
Images were obtained using a Zeiss LSM 980 Confocal Fluorescence Microscope. Figures (A) and (B) were
taken using the Wide Field technique, while (C) and (D) were taken using the LSM Confocal technique.
(A) 5× objective; (B) 20× objective; (C) 10× objective; (D) 40× objective; Figure S11: Positive control, direct
injection of 0.1 mL CaHA without hyaluronidase. Images were obtained using a Zeiss LSM 980 Confo-
cal Fluorescence Microscope. Figures (A) and (B) were Wide Field; (C) and (D) LSM Confocal. (A) 5×
objective; (B) 20× objective; (C) 10× objective; (D) 40× objective. White arrowheads highlight CaHA
particles; Figure S12: Light microneedling (30 repetitions) using a pen loaded with 0.1 mL CaHA. The
pro-cedure was conducted in a homogeneous manner to promote material distribution. Images were
obtained using a Zeiss LSM 980 Confocal Fluorescence Microscope. (A) 5× objective; (B) 20× objective;
(C) 10× objective; (D) 40× ob-jective. White arrowheads highlight CaHA particles; Figure S13: Light
microneedling (30 repetitions) with a pen, preceded by topical application of 0.1 mL hyaluronidase, fol-
lowed by microneedling with a pen loaded with 0.1 mL CaHA. Images were obtained using a Zeiss
LSM 980 Confocal Fluorescence Microscope. (A) 5× objective; (B) 20× objective; (C) 10× objective;
(D) 40× ob-jective. White arrowheads highlight CaHA particles; Figure S14: Scanning Electron Microscopy
(SEM) images of polyvinylpyrrolidone (PVP), acquired using a Thermo Fisher Prisma E microscope in High
Vacuum mode. (A) PVP at 60× magnification (scale bar: 500 µm); (B) PVP at 375× magnification (scale bar:
500 µm).

Author Contributions: Conceptualization, A.L.S.G. and A.M.B.d.P.; methodology, A.L.O.C. and
F.V.C.B.; software, E.P.S.; validation, E.M.S., L.d.R.P.Q. and V.R.O.d.M.; formal analysis, L.C.F.;
investigation, M.T.S.M. and A.L.O.C.; resources, S.H.S.S.; data curation, L.d.R.P.Q.; writing—original
draft preparation, A.L.S.G. and A.L.O.C.; writing—review and editing, F.V.C.B., E.M.S. and L.C.F.;
visualization, V.R.O.d.M.; supervision, A.M.B.d.P. and S.H.S.S.; project administration, A.L.S.G.;
funding acquisition, A.M.B.d.P., S.H.S.S. and L.C.F. All authors have read and agreed to the published
version of the manuscript.

https://www.mdpi.com/article/10.3390/biomedicines13102463/s1
https://www.mdpi.com/article/10.3390/biomedicines13102463/s1


Biomedicines 2025, 13, 2463 13 of 15

Funding: This study was supported by grants from the Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), the
Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG). Dr. Guimarães, Dr. Santos, and
Dr. de Paula are research fellows of the CNPq. Dra Farias is a research fellow of FAPEMIG.

Acknowledgments: The authors express their sincere gratitude to the Multiuser Laboratories for their
invaluable support in conducting this research. We extend our appreciation to the Biotério de Criação
e Experimentação Animal, as well as to the Laboratório de Microscopia Avançada for their ex-pertise
and technical assistance in imaging analysis. We also acknowledge the contributions of the Laboratório
de Imagiologia Experimental in Vivo for their support in experi-mental imaging. Additionally, we are
grateful to CITOMOL-Laboratório de Citometria, Cultivo Celular e Bio-logia Molecular for their support
in cell culture and molecular biology experiments. This re-search would not have been possible without
the infrastructure, resources, and technical ex-pertise provided by these institutions.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bariya, S.H.; Gohel, M.C.; Mehta, T.A.; Sharma, O.P. Microneedles: An emerging transdermal drug delivery system.

J. Pharm. Pharmacol. 2012, 64, 11–29. [CrossRef]
2. Karatas, E.; Koc, K.; Yilmaz, M.; Aydin, H.M. Characterization and Comparative Investigation of Hydroxyapatite/Carboxymethyl

Cellulose (CaHA/CMC) Matrix for Soft Tissue Augmentation in a Rat Model. ACS Omega 2024, 9, 31586–31600. [CrossRef]
3. Scardua, N.; Rovaris, D.P.; Moreira, K.M.S.; Guimaraes, A.L.S.; Scardua, M.T. Supraperiosteal technique protocol for forehead

filling with a mixture of calcium hydroxyapatite and hyaluronic acid: Double-blind, randomized controlled clinical trial.
J. Cosmet. Dermatol. 2024, 23, 4116–4122. [CrossRef] [PubMed]

4. Amiri, M.; Mecani, R.; Niehot, C.D.; Phillips, T.; Kolb, J.; Daughtry, H.; Muka, T. Skin regeneration-related mechanisms of Calcium
Hydroxylapatite (CaHA): A systematic review. Front. Med. 2023, 10, 1195934. [CrossRef]

5. Goldie, K.; Chernoff, G.; Corduff, N.; Davies, O.; van Loghem, J.; Viscomi, B. Consensus Agreements on Regenerative Aesthetics:
A Focus on Regenerative Biostimulation with Calcium Hydroxylapatite. Dermatol. Surg. 2024, 50, S172–S176. [CrossRef]

6. Sadick, N.S.; Katz, B.E.; Roy, D. A multicenter, 47-month study of safety and efficacy of calcium hydroxylapatite for soft tissue
augmentation of nasolabial folds and other areas of the face. Dermatol. Surg. 2007, 33, S122–S126. [CrossRef]

7. Li, L.; Ma, Y.; He, G.; Ma, S.; Wang, Y.; Sun, Y. Pilose antler extract restores type I and III collagen to accelerate wound healing.
Biomed. Pharmacother. 2023, 161, 114510. [CrossRef] [PubMed]

8. Baumann, L.; Bernstein, E.F.; Weiss, A.S.; Bates, D.; Humphrey, S.; Silberberg, M.; Daniels, R. Clinical Relevance of Elastin in the
Structure and Function of Skin. Aesthet. Surg. J. Open Forum 2021, 3, ojab019. [CrossRef] [PubMed]

9. Fisher, G.J.; Wang, Z.Q.; Datta, S.C.; Varani, J.; Kang, S.; Voorhees, J.J. Pathophysiology of premature skin aging induced by
ultraviolet light. N. Engl. J. Med. 1997, 337, 1419–1428. [CrossRef]

10. Nowag, B.; Casabona, G.; Kippenberger, S.; Zoller, N.; Hengl, T. Calcium hydroxylapatite microspheres activate fibroblasts
through direct contact to stimulate neocollagenesis. J. Cosmet. Dermatol. 2023, 22, 426–432. [CrossRef]

11. Panse, G.; Bossuyt, V.; Ko, C.J. Metastatic serous carcinoma presenting as inflammatory carcinoma over the breast-Report of two
cases and literature review. J. Cutan. Pathol. 2018, 45, 234–239. [CrossRef]

12. Kunzler, C.; Hartmann, C.; Nowag, B.; Shah, R.; El-Banna, R.; Backfisch, S.; Schafer, D.; Hengl, T.; Hagedorn, N. Compari-
son of Physicochemical Characteristics and Biostimulatory Functions in Two Calcium Hydroxyapatite-Based Dermal Fillers.
J. Drugs Dermatol. 2023, 22, 910–916. [CrossRef] [PubMed]

13. Jiang, Y.; Tsoi, L.C.; Billi, A.C.; Ward, N.L.; Harms, P.W.; Zeng, C.; Maverakis, E.; Kahlenberg, J.M.; Gudjonsson, J.E. Cytokinocytes:
The diverse contribution of keratinocytes to immune responses in skin. JCI Insight 2020, 5, e142067. [CrossRef]

14. Ugwu, N.; Xun, H.; Dover, J.S.; Boustany, A.N.; Chung, H.J. Histological Assessment of the Effectiveness of Microneedling
Device-Assisted Filler Delivery. Dermatol. Surg. 2024, 50, 829–833. [CrossRef]

15. Bahar-Shany, K.; Ravid, A.; Koren, R. Upregulation of MMP-9 production by TNFalpha in keratinocytes and its attenuation by
vitamin D. J. Cell. Physiol. 2010, 222, 729–737. [CrossRef]

16. Scardua, M.T.; Scardua, N.; Fernanda Ismail, M.; Junior, W.B.; Carpinteiro, I.M.C.; Costa, A.L.O.; Guimaraes, A.L.S. The Use of
Medium-Deep Peelings to Treat Melasma: A Case Series Study. J. Cosmet. Dermatol. 2025, 24, e70291. [CrossRef]

https://doi.org/10.1111/j.2042-7158.2011.01369.x
https://doi.org/10.1021/acsomega.4c01503
https://doi.org/10.1111/jocd.16488
https://www.ncbi.nlm.nih.gov/pubmed/39099032
https://doi.org/10.3389/fmed.2023.1195934
https://doi.org/10.1097/DSS.0000000000004437
https://doi.org/10.1111/j.1524-4725.2007.33351.x
https://doi.org/10.1016/j.biopha.2023.114510
https://www.ncbi.nlm.nih.gov/pubmed/36931024
https://doi.org/10.1093/asjof/ojab019
https://www.ncbi.nlm.nih.gov/pubmed/34195612
https://doi.org/10.1056/NEJM199711133372003
https://doi.org/10.1111/jocd.15521
https://doi.org/10.1111/cup.13091
https://doi.org/10.36849/JDD.7684
https://www.ncbi.nlm.nih.gov/pubmed/37683069
https://doi.org/10.1172/jci.insight.142067
https://doi.org/10.1097/DSS.0000000000004206
https://doi.org/10.1002/jcp.22004
https://doi.org/10.1111/jocd.70291


Biomedicines 2025, 13, 2463 14 of 15

17. Aguiar, J.C.; Gomes, E.P.; Fonseca-Silva, T.; Velloso, N.A.; Vieira, L.T.; Fernandes, M.F.; Santos, S.H.; Neto, J.F.; De-Paula, A.M.;
Guimaraes, A.L. Fluoxetine reduces periodontal disease progression in a conditioned fear stress model in rats. J. Periodontal Res.
2013, 48, 632–637. [CrossRef]

18. Duraes, C.P.; Fonseca, L.L.; Santos, S.H.S.; Filho, A.P.S.; Silveira, M.F.; Queiroz, L.; Lacerda, A.S.M.; de Paula, A.M.B.; Farias, L.C.;
Guimaraes, A.L.S. Effect of photobiomodulation on rat parotid gland cells after ionizing radiation-an experimental study in
animal model-Part 1. J. Stomatol. Oral. Maxillofac. Surg. 2025; in press. [CrossRef] [PubMed]

19. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

20. Fraga, C.A.; de Oliveira, M.V.; de Oliveira, E.S.; Barros, L.O.; Santos, F.B.; Gomez, R.S.; De-Paula, A.M.; Guimaraes, A.L. A high
HIF-1alpha expression genotype is associated with poor prognosis of upper aerodigestive tract carcinoma patients. Oral. Oncol.
2012, 48, 130–135. [CrossRef]

21. Soares, R.G.; Farias, L.C.; da Silva Menezes, A.S.; de Oliveira, E.S.C.S.; Tabosa, A.T.L.; Chagas, P.V.F.; Santiago, L.; Santos, S.H.S.;
de Paula, A.M.B.; Guimaraes, A.L.S. Treatment of mucositis with combined 660- and 808-nm-wavelength low-level laser therapy
reduced mucositis grade, pain, and use of analgesics: A parallel, single-blind, two-arm controlled study. Lasers Med. Sci. 2018, 33,
1813–1819. [CrossRef]

22. Domingos, P.L.B.; Souza, M.G.; Guimaraes, T.A.; Santos, E.S.; Farias, L.C.; de Carvalho Fraga, C.A.; Jones, K.M.; Santos, S.H.S.; de
Paula, A.M.B.; Guimaraes, A.L.S. Hypoxia reduces the E-cadherin expression and increases OSCC cell migration regardless of the
E-cadherin methylation profile. Pathol. Res. Pract. 2017, 213, 496–501. [CrossRef] [PubMed]

23. Lim, D.J.; Kim, H.J. Microneedles in Action: Microneedling and Microneedles-Assisted Transdermal Delivery. Polymers 2022,
14, 1608. [CrossRef]

24. Yutskovskaya, Y.; Kogan, E.; Leshunov, E. A randomized, split-face, histomorphologic study comparing a volumetric calcium
hydroxylapatite and a hyaluronic acid-based dermal filler. J. Drugs Dermatol. 2014, 13, 1047–1052.

25. Li, Y.E.; Allen, B.G.; Weeks, D.L. Using PhiC31 integrase to mediate insertion of DNA in Xenopus embryos. Methods Mol. Biol.
2012, 917, 219–230. [CrossRef]

26. Casabona, G.; Marchese, P. Calcium Hydroxylapatite Combined with Microneedling and Ascorbic Acid is Effective for Treating
Stretch Marks. Plast. Reconstr. Surg. Glob. Open 2017, 5, e1474. [CrossRef]

27. Merati, M.; Woods, C.; Reznik, N.; Parker, L. An Assessment of Microneedling with Topical Growth Factors for Facial Skin
Rejuvenation: A Randomized Controlled Trial. J. Clin. Aesthet. Dermatol. 2020, 13, 22–27. [PubMed]

28. Liebl, H.; Kloth, L.C. Skin cell proliferation stimulated by microneedles. J. Am. Coll. Clin. Wound Spec. 2012, 4, 2–6. [CrossRef]
29. Li, K.C.; Lin, Z.Z.; Zhang, Z.D.; Xie, S.; Xie, G.H. Comparing the Effectiveness of Platelet-Rich Plasma Alone Versus Combined

With Microneedles or Radiofrequency for Neck Wrinkle Treatment. J. Cosmet. Dermatol. 2025, 24, e16651. [CrossRef] [PubMed]
30. Tam, E.; Choo, J.P.S.; Rao, P.; Webb, W.R.; Carruthers, J.D.A.; Rahman, E. A Systematic Review on the Effectiveness and Safety

of Combining Biostimulators with Botulinum Toxin, Dermal Fillers, and Energy-Based Devices. Aesthetic Plast. Surg. 2025, 49,
2809–2833. [CrossRef]

31. Badran, K.W.; Nabili, V. Lasers, Microneedling, and Platelet-Rich Plasma for Skin Rejuvenation and Repair.
Facial Plast. Surg. Clin. N. Am. 2018, 26, 455–468. [CrossRef]

32. Peng, G.L. Platelet-Rich Plasma for Skin Rejuvenation: Facts, Fiction, and Pearls for Practice. Facial Plast. Surg. Clin. N. Am. 2019,
27, 405–411. [CrossRef]

33. Fakih-Gomez, N.; Kadouch, J. Combining Calcium Hydroxylapatite and Hyaluronic Acid Fillers for Aesthetic Indications:
Efficacy of an Innovative Hybrid Filler. Aesthetic Plast. Surg. 2022, 46, 373–381. [CrossRef]

34. Hou, A.; Cohen, B.; Haimovic, A.; Elbuluk, N. Microneedling: A Comprehensive Review. Dermatol. Surg. 2017, 43, 321–339.
[CrossRef] [PubMed]

35. Tey, R.V.; Haldankar, P.; Joshi, V.R.; Raj, R.; Maradi, R. Variability in Platelet-Rich Plasma Preparations Used in Regenerative
Medicine: A Comparative Analysis. Stem Cells Int. 2022, 2022, 3852898. [CrossRef]

36. Jeon, Y.J.; Koo, D.W.; Lee, J.S. Late Onset Foreign Body Reaction due to Poly-L-Lactic Acid Facial Injections for Cosmetic Purpose.
Ann. Dermatol. 2020, 32, 519–522. [CrossRef]

37. Zhu, W.; Dong, C. Poly-L-Lactic acid increases collagen gene expression and synthesis in cultured dermal fibroblast (Hs68)
through the TGF-beta/Smad pathway. J. Cosmet. Dermatol. 2023, 22, 1213–1219. [CrossRef]

38. Thums, M.A.; Payeras, M.R.; Cherubini, K.; Koth, V.S.; Salum, F.G. Clinical and Histological Effects of Calcium Hydroxyapatite
Filler in the Orofacial Region: A Study in Rats. Dermatol. Surg. 2024, 50, 939–945. [CrossRef] [PubMed]

39. Khalifian, S.; McCarthy, A.D.; Yoelin, S.G. Hyperdiluting Calcium Hydroxylapatite with Platelet-Rich Plasma and Hyaluronidase
for Improving Neck Laxity and Wrinkle Severity. Cureus 2024, 16, e63969. [CrossRef] [PubMed]

https://doi.org/10.1111/jre.12049
https://doi.org/10.1016/j.jormas.2025.102485
https://www.ncbi.nlm.nih.gov/pubmed/40615114
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1016/j.oraloncology.2011.08.023
https://doi.org/10.1007/s10103-018-2549-y
https://doi.org/10.1016/j.prp.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/28285966
https://doi.org/10.3390/polym14081608
https://doi.org/10.1007/978-1-61779-992-1_13
https://doi.org/10.1097/GOX.0000000000001474
https://www.ncbi.nlm.nih.gov/pubmed/33282098
https://doi.org/10.1016/j.jccw.2012.11.001
https://doi.org/10.1111/jocd.16651
https://www.ncbi.nlm.nih.gov/pubmed/39503284
https://doi.org/10.1007/s00266-024-04627-5
https://doi.org/10.1016/j.fsc.2018.06.007
https://doi.org/10.1016/j.fsc.2019.04.006
https://doi.org/10.1007/s00266-021-02479-x
https://doi.org/10.1097/DSS.0000000000000924
https://www.ncbi.nlm.nih.gov/pubmed/27755171
https://doi.org/10.1155/2022/3852898
https://doi.org/10.5021/ad.2020.32.6.519
https://doi.org/10.1111/jocd.15571
https://doi.org/10.1097/DSS.0000000000004260
https://www.ncbi.nlm.nih.gov/pubmed/38837772
https://doi.org/10.7759/cureus.63969
https://www.ncbi.nlm.nih.gov/pubmed/39105002


Biomedicines 2025, 13, 2463 15 of 15

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Materials and Methods 
	Ethical Approval 
	Preparation of CaHA and Hyaluronidase 
	Morphological and Structural Analysis 
	Transepidermal Delivery Protocol 
	Experimental Design 
	Ex Vivo Skin Permeation Analysis 
	Cell Culture 
	Expression by Real-Time PCR 
	Statistical Analysis 

	Results 
	CaHA Morphology 
	Histological Insights 
	Fluorescence Imaging 
	Biological Activity of CaHA 

	Discussion 
	References

