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A B S T R A C T

Transdermal drug delivery holds significant potential for treating skin conditions. Conventional methods uti
lizing needles or large unit drug delivery volumes often result in patient discomfort and inhomogeneous delivery. 
This study proposes a picoliter ice particle delivery (PIPD) technology that produces high-speed solid ice drug 
particles using controlled supersonic cryogenic jets for transdermal drug delivery. The proposed PIPD system 
simultaneously atomizes liquid drug to micro-droplets, freezes them to solid ice particles, and accelerates these 
particles to penetrate the skin barrier. All these processes occur within 300 μs, ensuring drug integrity. Notably, 
most of the particles exhibited volumes even below 1 picoliter. The average delivery efficiency of PIPD was found 
to be 50 % when used with ex vivo porcine skin, and in vivo mouse experiments suggest that PIPD’s delivery 
efficiency to the dermis layer is comparable to traditional injection delivery. Stem cell-derived functional 
extracellular vesicles (EVs) did not show any reduction in their anti-inflammatory and regenerative cell ab
sorption properties after PIPD. Consequently, PIPD EVs delivery led to significant therapeutic improvements in 
the wound and atopic dermatitis animal models.

1. Introduction

Transdermal drug delivery is increasingly recognized as an alterna
tive to oral administration and needle-injection, given its capability of 
targeted delivery of drugs, minimizing side effects on other organs and 
ensuring efficient drug delivery to skin lesions [1–3]. Microneedle 
patches coated or carried with specific drugs or cryo-microneedles made 
of drug itself have demonstrated their ability to treat various skin lesions 
[4–8]. Recently, high-pressure liquid jet produced by various energy 
sources showed an effective transdermal delivery of drugs without using 
a physical needle [9–11]. However, potential drug degradation by heat 
or UV exposure required for manufacturing microneedles and the 
melting nature of cryo-microneedles limit their broad clinical applica
tions. The liquid form of the high-pressure jet delivery limits its pene
tration capability (i.e., low impact strength of the liquid phase compared 

to the solid phase), which requires a large unit delivery volume for 
effective penetration (e.g., 10 nL) [12]. Gas-powder injection technol
ogy, utilizing the solid form of freeze-dried drug powders, provides su
perior penetration capability but has limitations related to the necessary 
powder preparation and the types of applicable drugs [13–16]. For these 
drug delivery methods, the unit delivery volume must be minimized for 
achieving uniform drug distribution and enhancing patient comfort; 
however, advancements in this area have primarily been confined to 
nanoliter scale due to technological challenges. In particular, jet drug 
delivery methods require long treatment durations due to the sequential 
delivery of individual drug particles [17]. Therefore, there is a lack of 
transdermal drug delivery methods that can simultaneously ensure pa
tient comfort and clinical utility while minimizing the limitations 
imposed by surface conditions, pre-processing requirements, and 
degradation during manufacturing and delivery.
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A cryogenic jet delivers at extremely cold temperatures and super
sonic speeds, resulting from the adiabatic expansion of highly pressur
ized cryogenic fluids. For instance, liquid carbon dioxide maintained at 
50–70 bar at room temperature (RT) generates dry ice particles at 
− 78.5 ◦C and produces a supersonic jet traveling at Mach 1 or higher. 
These properties make cryogenic jets ideal for converting liquid drugs 
into solid ice micro-particles at high velocities, which can physically 
penetrate the skin barrier and release the drugs as they melt due to body 
heat. However, insufficient temperature control in conventional cryo
genic jets (e.g., liquid nitrogen spray) has limited their application in 
drug delivery due to the risk of thermal damage to target tissues, 
confining their use mainly to producing freeze-dried drugs or acceler
ating pre-formed powders [18,19].

This study presents a novel drug delivery system, namely picoliter ice 
particle delivery (PIPD), which utilizes a supersonic cryogenic jet to 
produce ice picoliter particles for the transdermal delivery of a wide 
range of drugs (Fig. 1). The high-speed jet atomizes the liquid drug into 
micro-sized droplets (i.e., picoliter volume), which are instantly frozen 
into solid ice particles by the adjacent cryogenic stream and simulta
neously accelerated to high velocities. The solid ice particles generated 
in this process exhibit significantly higher impact pressures—up to 
several hundred times greater—than liquid droplets under identical 
conditions (e.g., mass, velocity), since solid particles remain unde
formed during impact, and the impact time remains short [20]. This 

superior impact characteristic of solid ice particles allows effective skin 
penetration even with diameters more than tenfold smaller than 100 μm 
a size generally reported as pain-free [21]. Additionally, the rapid 
freezing and melting processes occurring within hundreds of microsec
onds prevent protein denaturation, osmotic imbalance and intracellular 
water migration, and ice crystal formation, thereby preserving the 
structural and biochemical integrity of the drug and ensuring its effec
tiveness. This pain-free picoliter-scale drug ice particles delivery 
without complex pre-processing or drug degradation by PIPD provides a 
versatile platform to overcome the inherent limitations of existing 
needle-free drug delivery technologies.

Ultimately, the intrinsic advantages of the PIPD system, together 
with our findings on the effective delivery of fragile biologics such as 
stem cell-derived extracellular vesicles (EVs), highlight its potential as a 
versatile platform for expanding drug delivery beyond simple skin tar
gets to more challenging tissues, such as the eye. Moreover, this system 
broadens the scope of deliverable therapeutics to include sensitive drugs 
that are typically prone to degradation during conventional delivery 
processes, paving the way for next-generation therapeutic applications.

Fig. 1. Schematic representation and significant advantages of PIPD and exosome. The supplied drug undergoes simultaneous atomization and freezing within 
a microsecond scale via a supersonic cryogenic jet, resulting in the formation of picoliter-scale drug ice particles. These ice particles, preserved in their solid state due 
to the low jet temperature, penetrate the stratum corneum, the toughest barrier of the skin. Upon reaching the epidermis, the ice particles melt, releasing exosomes 
with anti-inflammatory and regenerative properties, which are then homogeneously distributed across the entire dermis layer.
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2. Results

2.1. Selection of a cryogenic medium for jet temperature control

The thermodynamic properties (e.g., pressure and temperature) of a 
cryogenic substance were controlled by a rapid heat exchange module 
before its adiabatic expansion to 1 atm using a precision cooling device 
produced by RecensMedical, Inc. Liquid carbon dioxide was employed, 
with its enthalpy adjusted to regulate the liquid/gas ratio, thereby 
controlling the jet temperature (Supplementary Fig. 1). The average 
enthalpy of carbon dioxide controlled by the system was approximately 
600 kJ/kg (Δh ≈ 40 kJ/kg), and the final jet temperature upon reaching 
the skin for ice particle preservation was approximately − 3 ◦C (Fig. 2A). 
This jet temperature is within a safe range for short-term exposure, 

posing no risk of thermal damage to the skin. These final jet tempera
tures were measured using a T-type thermocouple with 0.8 mm diam
eter, positioned 10 mm away from the nozzle orifice.

2.2. Ice particle formation mechanism

When the liquid drug is introduced into a supersonic cryogenic jet, 
the negative pressure created by the high-speed jet pulls the liquid drug 
to the jet core. Once the drug is exposed to the jet, it undergoes a primary 
breakup which determines the initial droplet size and subsequently 
undergoes a secondary breakup which forms tiny droplets. This atomi
zation process is influenced by the drug’s properties, such as density and 
surface tension, viscosity, as well as its relative velocity to the jet 
[22–24], ultimately resulting in picoliter-scale liquid particles (Fig. 2C). 

Fig. 2. Characterization of particle behavior and penetration depth in the PIPD system. (A) Jet temperature over time at a 10 mm distance from the nozzle, 
with curves corresponding to different enthalpy increase levels. (B) Volume distribution of the delivering drug particles. (C) High-speed camera images of the initial 
atomization process of the injected drug, showing the primary breakup of the liquid drug, the early stages of secondary breakup, and final atomization process 
between 6 and 9 mm from the nozzle (shutter speed: 750 ns). (D) Velocity of drug particles at distances from the jet centerline (E) Predicted drug penetration depth 
based on drug particle volume. (F) Experimental penetration depth in four gelatin model samples immediately after delivery with the PIPD system, with five 
measurement regions per sample. The drug was mixed with 0.5 μm carboxylated red-dyed microspheres before delivery for visualization. (G) Microscopic image 
showing the physical penetration depth into a gelatin model. Red dashed lines indicate top surface boundary. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Following the atomization process, the drug droplets undergo thermal 
exchange with the surrounding cryogenic jet and freeze into ice parti
cles. The heat exchange calculation process for ice particle formation is 
provided in the Supplementary Information.

The freezing time is estimated to be within 300 μs, which is signifi
cantly faster than the onset of cell volume changes due to the osmotic 
pressure in water (~50 ms) and the liposome solution exchange time 
(~10 ms) reported in previous studies [25]. Such a rapid freezing pro
cess removes the risk of osmotic damage to cells and cell-based drugs. 
Furthermore, the freezing time is faster than the slow rearrangement 
time of protein side chains (3–10 ms) [26]. These results suggest that the 
freezing process of PIPD can effectively preserve the structural integrity 
of cell or protein-based drugs. Specifically, when the volume of a single 
particle decreases below 1 pL, the freezing time for most particles falls 
below 100 μs (Supplementary Fig. 2C). In this study, the drug was 
injected 1 mm vertically and 0.5 mm horizontally from the nozzle 
orifice, at a flow rate of 500 μL/min.

2.3. Skin penetration mechanism

When the drug, transformed into ice particles, is ejected in solid form 
toward the skin, it penetrates upon collision, with minimal particle 
deformation and energy dissipation due to the short impact duration. 
Most kinetic energy of the ice particle before reaching the skin is con
verted to work that enables skin penetration. In this study, the skin’s 
resistance stress σb to predict the penetration behavior was set to 1 MPa 
based on the findings by Mitchell in micro-particle ballistic penetration 
[27,28]. Since this penetration process time (tf ) is more than 100 times 
shorter than the time of particle melting (tp), the particle volume 
changes due to heat exchange were negligible during skin penetration. 
Moreover, it is worth noting that this extremely short melting time 
within the skin minimizes the impact of the melting process on the drug 
integrity (Supplementary Fig. 2C).

2.4. Behavior and penetration analysis of drug particles

This study analyzed the relationship between the velocity and vol
ume of ice particles to estimate their kinetic energy and predict the 
penetration depth. The analysis revealed that most particle volumes 
were below 1 pL (Fig. 2B), and the velocity of the ice particles was more 

influenced by the force exerted by the cryogenic jet than by their vol
ume. Generally, particles closer to the center of the jet exhibited higher 
velocities, indicating a stronger force concentration (Fig. 2D). Across a 
particle size and volume range of 0.01–10 pL, the particles were 
observed to travel at approximately 100 m/s. These findings suggest that 
the cryogenic jet effectively accelerates the particles, enabling efficient 
drug delivery while minimizing skin damage due to low kinetic energy 
and enhanced penetration efficiency from the rigid particles.

Additionally, the predicted penetration depth based on the kinetic 
energy was found to increase with the particle volume (Fig. 2E). These 
results exhibit a correlation similar to that observed in previous studies 
between particle volume and penetration depth. Notably, they suggest 
the potential for more precise drug delivery using pL-scale drug particle 
volumes, which have been challenging to achieve with conventional 
needle-free transdermal delivery technologies based on physical mech
anisms (Fig. 3). Detailed explanations and calculations of the drug 
penetration process are provided in the Supplementary Information.

To experimentally predict the initial penetration depth in the skin, a 
gelatin model with hardness similar to that of human skin was used 
[29–31]. While the gelatin model does not fully replicate the micro
mechanical properties of actual human skin, it provides a controlled 
medium for studying penetration. The mechanical properties of human 
or pig skin, such as resistance stress and stiffness, vary depending on 
temperature, humidity, and tensile direction. These factors influence the 
ballistic delivery of microparticles and the resulting penetration depth. 
The thickness of stratum corneum also critically affects the final pene
tration depth. [32–34]. The gelatin model was employed to minimize 
and control such variations in sample properties. Under identical drug 
delivery conditions, penetration depth data were collected from four 
gelatin samples, each with five measurements. The initial penetration 
depth in the gelatin model was 50.89 μm (SE = 3.15 μm; SD = 14.1 μm) 
(Fig. 2F, G). While the RSD is moderately above the commonly refer
enced 10–20 % range for reproducible delivery systems, the relatively 
small SE indicates that the mean penetration depth was consistent across 
samples, reflecting a high degree of parallel stability in the system’s 
delivery performance.

To evaluate dermal penetration efficiency in vivo, DiR-labeled EVs 
were delivered using different application methods (Fig. 4A) into mouse 
dorsal skin tissues, an established model used in early-stage transdermal 
delivery studies for its accessibility, reproducibility, and suitability for 

Fig. 3. Comparison of penetration depth distributions for a single drug delivery volume across various physical drug delivery technologies. For PIPD, the 
penetration depth was assessed in vivo in mice 24 h post-administration using confocal microscopy images. For freeze-dried powder delivery, the penetration depth 
represents the expected depth in the mouse skin following gas-powder injection. Notably, 28 days post-administration, the freeze-dried powder was observed to have 
spread intradermally. The outlined values represent experimental penetration depths confirmed after a sufficient diffusion period for liquid-based injection jet 
technologies, performed using various injection mechanisms.
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controlled experimental evaluation [35,36]. Notably, confocal micro
scopy revealed distinct penetration patterns in the skin tissue. The 
topical application resulted in fluorescence signals predominantly 
confined to the epidermal layer, with limited deeper penetration. 
Conversely, injection delivery showed intense localized fluorescence in 
the subcutaneous layer, whereas PIPD achieved uniform distribution 
across all skin layers (Fig. 4A). A depth-dependent fluorescence intensity 

profiling further quantified these differences (Fig. 4B). The topical 
application exhibited high fluorescence intensity but remained 
restricted to the epidermis, while injection showed concentrated signals 
in the subcutaneous layer. In contrast, PIPD demonstrated consistent 
fluorescence across all layers up to 780-μm depth. A heat map visuali
zation confirmed these distribution patterns: superficial distribution for 
topical, localized signals at specific depths for injection, and 

Fig. 4. Comparative analysis of the tissue penetration and biodistribution of DiR-labeled EVs using different delivery methods. (A) Representative confocal 
microscopy images showing the distribution of DiR-labeled EVs (red) in mouse dorsal skin. The cell nuclei were counterstained with DAPI (blue). The yellow dotted 
lines indicate the boundaries between different skin layers. (B) Quantitative depth-dependent fluorescence intensity profiles across skin layers for different delivery 
methods. (C) Heat map visualization of fluorescence intensity distribution across skin depths for topical, injection, and PIPD delivery methods. (D–F) Layer-specific 
quantification of fluorescence intensity in (D) epidermis (0–40 μm), (E) dermis (40–668 μm), and (F) subcutis (669–780 μm). (G) Total area fluorescence intensity on 
image comparison among different delivery methods. ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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comprehensive tissue distribution for PIPD (Fig. 4C). The quantitative 
analysis of dermal regions revealed consistent fluorescence intensity in 
PIPD compared to the limited penetration in topical and injection 
(Fig. 4D–F). The total fluorescence intensity analysis showed signifi
cantly enhanced delivery efficiency with PIPD compared to that with 
injection and topical application (Fig. 4G). The total administered dose 
of EVs was consistent across all delivery methods to allow direct com
parison (i.e., 500 μL). It is worth to note that the total area intensity of 
the PIPD group after 24 h was found to be greater than that of the 

traditional injection delivery (Fig. 4G). We attribute this to the fact that 
the EVs by a 30 g needle was injected directly to the dermis layer where 
active blood flow removes foreign materials whereas EVs by PIPD were 
firstly delivered to the epidermis layer that lacks active blood flow 
(Fig. 2E) and slowly diffused to the deeper layer during the 24 h.

These findings demonstrate that topical application is limited by 
physical constraints like exosome size and biomembrane permeability 
[37]. While injection achieves localized accumulation in the subcu
taneous tissue, therapeutic effects may remain restricted to specific 

Fig. 5. Comprehensive characterization of EVs before and after PIPD. (A) Schematic illustration of EV isolation and purification process using the TFF system. 
(B) Size distribution analysis of EVs measured by NTA, showing particle concentration and size distribution before and after PIPD. (C) Zeta potential measurements 
demonstrating surface charge characteristics. (D) Representative TEM images showing morphological features. Scale bar = 100 nm. (E) Western blot analysis of EV 
positive markers (CD9, CD63) and negative markers (GM130, Calnexin), with β-actin as the loading control. (F) Flow cytometric analysis of surface markers (CD9, 
CD63, CD81) expression.
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regions [38]. In contrast, PIPD enables uniform distribution across 
multiple skin layers while maintaining consistent therapeutic concen
trations. This highlights its potential as an effective delivery platform for 
exosome-based therapeutics in dermatological applications [37]. 
Further studies are warranted to evaluate its efficiency with various 
therapeutic cargos and assess long-term safety through extended 
monitoring. The comprehensive tissue distribution achieved by PIPD 
underscores its promise as a novel alternative to conventional delivery 
methods.

2.5. Characterization and functional preservation of EV before and after 
PIPD system

The EVs were produced from WJ-MSC using previously established 
methods [39,40], and their characteristics were analyzed before and 
after PIPD to evaluate its impact on EV properties (Fig. 5A). Nano
particle tracking analysis revealed similar size distributions between the 
two groups, with median diameters of 123.0 nm (before) and 128.2 nm 
(after). Particle concentrations were 2.1 × 1010 particles/mL before 
PIPD and 2.9 × 1010 particles/mL after PIPD, indicating that particle 
yield was preserved (Fig. 5B). Zeta potential measurements showed 
comparable surface charge values (− 37.89 mV before, − 42.02 mV 
after), confirming that colloidal stability was maintained after PIPD 
(Fig. 5C). Transmission electron microscopy demonstrated character
istic cup-shaped morphology and intact membrane structures in both 
groups, indicating that the vesicular architecture was preserved 
(Fig. 5D). Western blot analysis confirmed the presence of EV-specific 
markers CD9 and CD63 in both groups, while negative markers 
GM130 and Calnexin were not detected (Fig. 5E). Flow cytometry 
analysis showed high expression levels of canonical EV markers CD9, 
CD63, and CD81 in both groups, with no significant differences observed 
between before (99.1 %, 99.6 %, 96.1 %) and after PIPD (98.9 %, 98.8 
%, 98.7 %) populations (Fig. 5F). These results demonstrate that the 
PIPD system effectively delivers EVs while preserving their physico
chemical and biological properties.

To assess whether the biological activity of EVs is retained following 
the PIPD system, we conducted comparative in vitro analyses using 
before and after PIPD EVs. DiR-labeled EVs were incubated with HaCaT 
and HDF to assess cellular uptake. Confocal microscopy revealed robust 
internalization of EVs in both cell types, with no observable differences 
in fluorescence intensity or subcellular distribution between the two 
groups (Fig. 6A), indicating that PIPD does not compromise membrane 
integrity or uptake efficiency. Cell viability assays were performed using 
HaCaT and HDF cells treated with escalating concentrations of EVs. Both 
before and after PIPD EVs significantly enhanced the viability of these 
skin-derived cells compared to untreated controls, without significant 
differences between groups at any concentration (Fig. 6B). Given the key 
roles of HaCaT and HDF in skin regeneration and repair processes, these 
findings indicate that EVs processed via PIPD retain their potential ef
ficacy for promoting skin regeneration and exerting anti-inflammatory 
effects. We next evaluated the anti-inflammatory function of EVs using 
RAW 264.7 cells stimulated with lipopolysaccharide (LPS). Quantitative 
RT-PCR (qRT-PCR) demonstrated that both before and after PIPD 
markedly suppressed the expression of key pro-inflammatory genes, 
including iNOS, IL-1β, and IL-6, to levels comparable to those achieved 
by dexamethasone (DEX) treatment (Fig. 6C). There were no significant 
differences in gene suppression efficacy between the two EV groups, 
indicating that PIPD does not affect the immunomodulatory capacity of 
EVs. In parallel, nitric oxide (NO) production was measured to further 
validate the anti-inflammatory effects. LPS stimulation significantly 
elevated NO levels, whereas treatment with both before and after PIPD 
at 1 × 108 and 1 × 109 particles/mL significantly reduced NO concen
trations. No differences were observed between EVs before and after 
PIPD at either concentration, further supporting that PIPD preserves EV 
bioactivity at the functional level (Fig. 6D). Collectively, these findings 
demonstrate that PIPD processing does not impair EV uptake, 

proliferative effects, or anti-inflammatory activity. The retention of 
these functional properties suggests the utility of PIPD as a non-invasive 
delivery strategy for maintaining EV therapeutic efficacy in regenerative 
medicine and inflammatory disease contexts. It is worth to note that 
larger biologic particles experienced longer thermal stress during a 
freezing-thawing cycle and therefore are more prone to structural 
instability compared to smaller particles. The intact integrity of EVs 
after PIPD, which are approximately 100 nm in size and possess greater 
biological complexity than other biomolecules such as proteins or 
mRNA, indirectly suggests that other smaller and simpler drugs could 
likewise be effectively delivered by PIPD without change in drug 
integrity.

2.6. In vivo efficacy in wound and atopic dermatitis (AD) models

To assess the therapeutic efficacy of EVs delivered via PIPD system in 
promoting wound healing, a mouse dorsal wound healing model was 
utilized. Wound closure was systematically evaluated on days 0, 3, 5, 7, 
and 11 post-wounding, with final tissue harvesting conducted on day 12 
(Fig. 7A). The wound closure progression was monitored through 
macroscopic images across all treatment groups (Fig. 7B). By day 11, 
wound closure in the topical demonstrated 92.15 % closure relative to 
the control. The injection exhibited 97.11 % closure, while the PIPD 
achieved the most significant improvement with 99.5 % closure. These 
data indicate that all treatments significantly outperformed the control 
in promoting wound healing, with PIPD demonstrating the highest ef
ficacy (Fig. 7C, D). Histological analysis using hematoxylin and eosin 
(H&E) staining on day 12 revealed distinct tissue regeneration patterns 
among groups (Fig. 7E). Collagen fraction and tissue remodeling were 
assessed using Masson’s trichrome (MT) staining (Fig. 7F). The topical 
showed moderate improvement with a tissue width of 1.8 ± 0.1 mm 
compared to the control (2.5 ± 0.3 mm). The injection exhibited 
enhanced regeneration with a width of 1.2 ± 0.2 mm, while the PIPD 
demonstrated superior healing with the smallest tissue width at 0.8 ±
0.2 mm (Fig. 7G). The collagen fraction in wound tissues was analyzed, 
showing that the topical demonstrated a moderate collagen fraction 
(70.19 ± 9.22 %), which was not significantly different from the control 
(65.57 ± 11.46 %). The injection exhibited collagen synthesis (43.25 ±
4.45 %), while the PIPD showed comparable collagen fractions (39.88 
± 6.07 %) to the injection, with no statistically significant differences 
between these two groups (Fig. 7H). Although macroscopic wound 
closure rates did not differ significantly between the PIPD and injection 
groups (Fig. 7D), histological analysis on day 12 showed a significantly 
smaller tissue width in the PIPD group than in the topical and injection 
groups (Fig. 7G). These findings suggest that PIPD enabled uniform drug 
distribution across irregular lesion surfaces, which may have contrib
uted to more advanced tissue regeneration.

Next, we investigated the anti-inflammatory and skin regenerative 
efficacy of EVs delivered via PIPD in a more complex AD mouse model 
induced by repeated application of 2 % 2,4-dinitrochlorobenzene 
(DNCB). EV treatments were administered using topical, injection, and 
PIPD, followed by comprehensive assessments on days 7, 14, and 21 
post-treatment. The AD severity was assessed using established scoring 
systems based on erythema, hemorrhage, scarring, dryness, excoriation, 
and erosion, as described in previous studies of atopic dermatitis models 
[41,42]. Among the treatment groups, PIPD significantly reduced all 
AD-related scores to levels comparable to the injection, while topical 
also resulted in notable score reduction (Fig. 8A–C). Representative 
images of AD lesions at each time point further illustrate these im
provements (Fig. 8B). Histological analysis on day 21 revealed signifi
cant reductions in epidermal thickness and mast cell infiltration in the 
PIPD group, comparable to the injection group (Fig. 8D–G). The topical 
treatment also decreased epidermal thickness but had limited effects on 
mast cell infiltration. H&E staining demonstrated improved tissue ar
chitecture in the PIPD and injection groups, while toluidine blue stain
ing highlighted reduced mast cell density in these groups compared to 

H. Son et al.                                                                                                                                                                                                                                     Journal of Controlled Release 387 (2025) 114184 

7 



Fig. 6. Preservation of biological functionality of EV following PIPD. (A) Representative confocal microscopy images showing cellular uptake of DiR-labeled EVs 
(red) by HaCaT and HDF cells before and after PIPD. Nuclei were counterstained with DAPI (blue). Scale bars: 20 μm. (B) Quantification of cell viability in HaCaT and 
HDF cells treated with dose-dependent (1 × 106 to 1 × 109 particles/mL) of EVs before and after PIPD. ns: not significant; **** p < 0.001 compared to the control. (C) 
Relative mRNA expression levels of inflammatory markers assessed by qRT-PCR in LPS-stimulated RAW 264.7 cells following treatment with EVs before and after 
PIPD. DEX served as positive control. ns: not significant; **** p < 0.001 compared to the control. (D) NO production quantified by Griess assay in RAW 264.7 cells 
stimulated with LPS and treated with EVs before and after PIPD. ns: not significant; *p < 0.05; **** p < 0.001 compared to DEX. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Evaluation of wound healing efficacy using different EV deliveries. (A) Schematic illustration of the experimental timeline for wound healing assess
ment. (B) Representative macroscopic images of wound closure progression at days 0, 3, 5, 7, and 11 post-wounding across different treatment groups. (C) Wound 
closure trace. (D) Quantitative analysis of the wound closure rates over time. ns: not significant, **p < 0.01; ****p < 0.0001 compared to the control (E) Repre
sentative H&E stained histological sections of wound sites on day 12. Scale bar = 500 μm. (F) Masson’s trichrome staining of wound sections showing collagen 
deposition (blue) on day 12. Scale bar = 500 μm. (G) Quantitative analysis of the tissue width on day 12. *p < 0.01; ****p < 0.0001 compared to the control (H) 
Quantification of the collagen deposition in wound sites on day 12. ns: not significant; *** p < 0.001 compared to the control. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Evaluation of the therapeutic effects using DNCB-induced atopic dermatitis mouse model. (A) Schematic illustration of the experimental timeline. (B) 
Representative macroscopic images of dorsal skin lesions across experimental groups (C) Clinical severity scores over 21 days showing erythema/hemorrhage, 
scarring/dryness, and excoriation/erosion among different groups. ****p < 0.0001 (D) Histological analysis of dorsal skin sections stained with H&E showing 
epidermal thickness. Scale bar = 200 μm. (E) Toluidine blue staining of skin sections showing mast cell infiltration (black arrows) Scale bar = 200 μm. Higher- 
magnification images of the boxed areas are shown below. Scale bar = 100 μm. (F) Quantitative analysis of epidermal thickness across different groups. ns: not 
significant, ****p < 0.0001; ####p < 0.0001 compared to DNCB. (G) Quantification of the mast cells per field of view in different groups. ns: not significant, ****p 
< 0.0001; ####p < 0.0001 compared to DNCB. (H) Western blot analysis of the inflammatory markers. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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the controls. A quantitative analysis confirmed that PIPD achieved the 
most effective reduction in inflammatory markers among all treatments. 
To further elucidate the anti-inflammatory mechanisms, protein 
expression levels of critical inflammatory mediators were analyzed via 
Western blotting. The PIPD group exhibited the lowest expression levels 
of these proteins, indicating a robust suppression of the inflammatory 
pathways (Fig. 8H). These findings suggest that PIPD effectively delivers 
EVs to targeted skin layers, achieving therapeutic outcomes comparable 
to injection while surpassing topical delivery in both anti-inflammatory 
and regenerative effects. In summary, PIPD demonstrated significant 
efficacy in mitigating inflammation and promoting skin regeneration in 
an AD model. Its ability to reduce epidermal thickness, mast cell infil
tration, and inflammatory protein expression highlights its potential as a 
promising EV delivery system for treating inflammatory skin disorders.

3. Discussion

EVs delivered via the PIPD systems retained full bioactivity, as 
demonstrated by their anti-inflammatory and regeneration effects in 
both wound healing and AD models (Figs. 7, 8). These therapeutic 
outcomes are attributed to the homogeneous dermal EV distribution 
achieved through ice particle-mediated delivery. Importantly, PIPD 
circumvents shear-induced EV lysis—a common limitation of liquid jet 
injections—by decoupling acceleration forces from payload integrity 
through cryogenic solidification. The observed collagen dynamics 
further support the ability of PIPD to modulate advanced stages of tissue 
repair (Fig. 7H). During the wound healing process, collagen is initially 
overproduced to provide structural integrity, followed by degradation or 
remodeling once the skin structure is restored [43,44]. The higher 
collagen deposition observed in the control and topical groups suggests 
that these treatments may correspond to earlier healing stages. In 
contrast, the injection and PIPD groups appear to have achieved faster 
progression to advanced healing phases, where collagen remodeling and 
normalization are more prominent. These results indicate that while all 
treatments promoted appropriate collagen deposition, PIPD achieved 
superior wound closure and tissue regeneration compared to topical and 
injection approaches. Notably, a single treatment required only 30 s, 
highlighting the system’s efficiency in delivering therapeutic results. 
These findings suggests that the proposed PIPD is an effective and 
painless transdermal drug delivery method for a broad range of various 
protein and cell-based drugs.

In this work, while murine models provided mechanistic insights, 
interspecies differences in dermal stiffness necessitate caution in 
extrapolating penetration depths to clinical settings. For example, the 
human epidermis is approximately five times thicker than that of mice, 
with lower follicular density and greater mechanical stiffness, which 
reduces drug penetration [45,46]. In addition, humans possess a higher 
total amount of ceramides and a greater diversity of ceramide sub
classes, forming a chemically stronger barrier [47,48], which suggests 
lower penetration performance under clinical conditions. Nevertheless, 
even in the highly permeable murine model, PIPD exhibited substan
tially better penetration performance compared to topical application 
and achieved a more homogeneous drug distribution than injection, 
underscoring the system’s effectiveness in drug delivery.

To further evaluate the practical penetration capability of PIPD in a 
model more analogous to human skin, we conducted ex vivo experi
ments using porcine skin tissue (Franz Cell Membrane, APURES), which 
is widely used as a surrogate for human skin due to its comparable 
epidermal thickness, dermal structure, and mechanical properties 
[49,50]. These experiments confirmed that PIPD effectively penetrated 
porcine skin and demonstrated superior penetration performance under 
all tested conditions compared with topical application (Supplementary 
Fig. 3).

In the porcine skin experiments, the penetration efficiency—defined 
as the fraction of the administered drug that successfully penetrated the 
tissue during jet delivery—averaged 50 %, with a standard deviation of 

7 %, corresponding to a relative standard deviation (RSD) of 14 %, 
which reflects the system’s consistency (Supplementary Table 3). This 
RSD (14 %) falls within the 10–20 % reproducibility range typically 
required for transdermal drug delivery systems. Considering this value 
alongside the supplied flow rate, the system demonstrated a drug 
administration rate of approximately 250 μL/min. Nevertheless, this 
value is likely underestimated because a portion of the penetrated liquid 
drug was possibly diffused to a laboratory wiper used to remove any 
residual liquid on the surface. In addition, since the porcine skin was 
thermally isolated and rapidly chilled by PIPD, an ice layer on the sur
face was formed, which potentially blocks the following ice particles, as 
well as the porcine skin became more brittle at low temperatures. In 
contrast, the living skin is expected to remain warmer by body heat, 
preventing the formation of ice layer, maintaining its softness, and 
therefore leading to higher overall penetration efficiency of PIPD [32].

The parameters of the PIPD system in this study were selected to 
maintain the skin temperature within a safe range to prevent frostbite. 
For example, exposure to temperatures below − 4 ◦C for more than four 
minutes has been reported to induce apoptosis of melanocytes [51]. To 
prevent such thermal damage, the cryogenic jet was controlled so that 
the skin surface temperature remained above − 4 ◦C. Therefore, when 
targeting tissues with lower mechanical strength, greater susceptibility 
to thermal injury, or a high density of blood vessels, further optimization 
of parameters—including orifice size, cryogen energy input, and 
standoff distance—would be required. Furthermore, the particle size 
variability observed with high-viscosity formulations highlights the 
importance of system optimization—such as adjusting the drug supply 
rate or drug properties—as a critical engineering priority to ensure 
consistent dosing across diverse therapeutic payloads.

Based on previous reports and our in vivo observations showing no 
visible acute or delayed adverse reactions, PIPD appears to have 
acceptable tolerability; Our in vivo observations may provide supportive 
evidence of tolerability within the scope of our experiments. In the 
wound-healing model, no acute visible adverse reactions (e.g., ery
thema, edema, or exudation; Fig. 7B) were observed immediately after 
application on Day 0, and no delayed macroscopic changes were noted 
during the subsequent observation period. In the atopic dermatitis 
model, PIPD was not associated with additional visible injury on already 
inflamed skin at Day 0 (supplementary Fig. 4) and was accompanied by 
a reduction in clinical irritation scores (Fig. 8C), probably suggesting 
acceptable tolerability under our testing conditions. Regarding pain 
perception, pain-associated behaviors were not observed in either model 
following application. Further studies for formal assessments of skin 
barrier integrity, irritation, or pain perception may be required to 
confirm that PIPD appears to have acceptable tolerability.

This study establishes PIPD as a robust strategy for delivering fragile 
biologics, combining cryogenic preservation with kinetic precision to 
overcome the limitations of conventional methods. The integration of 
EV-mediated tissue reprogramming highlights its potential to accelerate 
healing while minimizing scarring, a critical advancement for precision 
medicine. Future work will focus on clinical translation and payload 
diversification to unlock broader therapeutic applications.

Psoriasis is a typical chronic inflammatory disease characterized by 
abnormal keratinocyte hyperproliferation and hyperkeratosis, leading 
to significant challenges in drug delivery due to the abnormally thick
ened epidermis and impaired barrier function [52]. The PIPD system 
incorporating EVs has the potential to enhance skin penetration effi
ciency and contribute to the modulation of excessive inflammatory and 
immune responses associated with the disease.

Ocular delivery presents a significant challenge to researchers due to 
the complex surface conditions and multiple barriers in the eye that 
prevent drug penetration [53,54]. Recently, jet temperature control- 
based cooling anesthesia technologies have been developed to assist 
intravitreal injections and improve patient comfort [55]; however, 
practical ocular delivery technologies targeting the cornea and other 
ocular structures are still lacking. PIPD, with its non-contact and 
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physical penetration properties, enables efficient drug delivery to the 
cornea, which serves as a barrier to hydrophilic and lipophilic drugs. 
Additionally, the tiny and evenly dispersed drug particles contribute to 
minimizing damage during drug action and delivery.

4. Conclusion

In this study, a novel transdermal drug delivery system, PIPD, uti
lizing high-speed cryogenic jet-induced micro ice particles, is first 
introduced as an effective transdermal delivery method. High-speed 
camera analysis showed the unprecedented unit delivery volume of 1 
pL by the PIPD. Particle analysis, zeta potential measurements, and the 
distribution of EVs confirmed its intact integrity by PIPD, thanks to the 
rapid freezing and thawing processes. In vivo experiments showed the 
superiority of PIPD in the homogeneity of drug distribution and the 
amount of drug delivered in the skin layers. This superior delivery by 
PIPD was further confirmed by in vivo studies on mice with atopic 
dermatitis and wound lesions. Notable therapeutic improvements were 
observed in erythema, hemorrhage, scarring, and dryness in the mouse 
treated with PIPD.

5. Materials and methods

5.1. PIPD device and operational parameters

Picoliter ice particle delivery (PIPD) was performed using a proto
type drug delivery system developed by RecensMedical, Inc. The device 
was equipped with a nozzle featuring an orifice diameter of 150 μm. 
During operation, liquid carbon dioxide was supplied at a pressure of 60 
bar, expanded at the exit of the nozzle orifice, and produced a high- 
speed cryogenic jet. The temperature of such jet was controlled by 
heating the liquid CO2 before the adiabatic expansion at the nozzle to 
maintain the surface temperature above − 4 ◦C. The mass flow rate of the 
cryogenic jet was maintained at 0.36 g/s, while the liquid drug solution 
was delivered at a flow rate of 500 μL/min through the central channel. 
The nozzle was positioned at a fixed distance of 10 mm from the target 
surface throughout all experiments and the EVs were in liquid form.

5.2. Drug ice particle analysis

The produced ice particles were analyzed using a high-speed camera 
(i-speed 514, iX Cameras, England) equipped with an ultra-macro lens 
(LAOWA 25 mm f/2.8 2.5-5× Ultra Macro, Laowa, South Korea) set to a 
magnification of 5:1 and a shutter speed of 750 ns. The particle sizes and 
velocities were measured in ImageJ software (National Institutes of 
Health, USA) using images captured within the 6–9 mm range. Cali
bration was performed to account for the magnification of the macro 
lens, ensuring accurate size measurements. The velocity of the particles 
was determined by measuring the trace length left in the images during 
the camera’s shutter open time and dividing it by the exposure time. A 
total of 350 particles within a 2.5 mm radius from the center of the jet 
were analyzed to ensure a reliable trend.

5.3. Fabrication of the gelatin model

Gelatin mixtures were prepared to study the penetration depth into a 
solid substrate. To simulate human transdermal conditions, 5 % (w/v) 
gelatin derived from porcine skin, type A (300 g bloom, Sigma Aldrich, 
USA), and 0.5 % (w/v) calcium chloride (Sigma Aldrich, China) were 
dissolved in distilled water at 45 ◦C. The gelatin solution was poured 
into an acrylic mold with dimensions of 50 × 20 × 3 mm and placed in a 
refrigerator at 4 ◦C for 12 h to solidify.

5.4. Evaluation of the penetration depth in the gelatin model

To observe the penetration depth, 1 % (v/v) carboxylated red-dyed 

microspheres (0.5 μm, Polysciences, USA) were mixed with distilled 
water. This drug was injected from a height of 10 mm while the system 
moved at a speed of 40 mm/s. The gelatin penetration study was per
formed on a copper plate with its temperature controlled at 20 ◦C using 
the Peltier modules. This temperature is lower than the internal tem
perature of human skin. However, as previously observed, the time 
required for physical penetration is much faster than the dissolution 
time of the drug during penetration at this scale. Therefore, the final 
penetration depth difference caused by drug dissolution is negligible.

5.5. Cell culture and animal experiment

Human WJ-MSCs were approved by the Institutional Review Board 
of Konkuk University (7001355–202,010-BR-407). WJ-MSCs were 
cultured using CoreMAX MSC XF-UC (Corecell). Human keratinocytes 
(HaCaT), human dermal fibroblasts (HDF), and mouse microphage 
(RAW 264.7) were cultured in Dubecco’s Modified Eagle Medium 
(DMEM; Welgene) supplemented with 10 % fetal bovine serum (FBS, 
USA) and 1× penicillin/streptomycin (P/S; 100 units/mL and 100 μg/ 
mL; Gibco, USA). The cells were maintained at 37 ◦C in a humidified 
atmosphere with 5 % CO2. BALB/c mice (female, 6 weeks old, weighing 
approximately 20 ± 2 g) were purchased from Orient Bio Animal Center 
(Seongnam City, South Korea). All animal experiments were conducted 
with approval from the Konkuk University Institutional Animal Care and 
Use Committee (IACUC #KU24032 and #KU24033). The mice were 
housed in a well-ventilated room under controlled temperature and 
humidity with a 12 h light/12 h dark cycle for one week prior to ex
periments. Food and water were provided ad libitum throughout the 
study.

5.6. EV isolation and purification

The stem cell-derived EVs were produced by StemExOne, Inc., ac
cording to the company’s mass production process [56]. Briefly, the WJ- 
MSCs were seeded in AggreWell plates (STEMCELL Technologies) and 
incubated for 24 h to form spheroids. The spheroids were transferred to 
an Erlenmeyer flask (Corning) and cultured in RoosterCellect-EV-CC 
medium (RoosterBio) with 1 % P/S, 10 ng/mL TGF-β3 (Proteintech) 
on a rotary shaker at 60 rpm for four days at 37 ◦C in a humidified at
mosphere with 5 % CO2. After spheroid culture, the supernatant was 
collected and centrifuged at 2, 000 xg for 10 min to remove cell debris. 
The resulting supernatant was filtered through a 0.22-μm membrane 
filter (Millipore) and concentrated using a hollow fiber modified poly
ethersulfone (mPES) membrane filter column with a molecular weight 
cut-off of 100 kDa. Concentration was performed using a KR2i tangential 
flow filtration (TFF) system (Repligen, USA).

5.7. Characterization of EVs before and after PIPD

The size and zeta potential of EVs were analyzed using a nanoparticle 
tracking analyzer (NTA) using the ZetaView (TWIN PMX-220, Particle 
Metrix, Germany). Measurements were performed under the following 
conditions: particle count per frame (150–200), frame rate (30 frames/ 
s), camera sensitivity (80), shutter speed (100), and temperature 
(25 ◦C). The morphology and structure of EVs were examined using a 
transmission electron microscope (TEM, JEM-1011, JEOL, Tokyo, 
Japan) operated at 80 kV and equipped with a MegaView III CCD camera 
(Soft Imaging System, Germany). For negative staining, 5 × 107 EVs 
were loaded onto Formvar/carbon-coated copper grids (300 mesh; 
FCF300-CU) and incubated for 1 min. The grids were stained with 5 μL 
of 1 % uranyl acetate (ThermoFisher) for 1 min, and excess stain was 
removed with filter paper before air drying.

5.8. Western blot and flow cytometry

The whole cell lysate (WCL) from WJ-MSC pellets and mouse tissue 
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were lysed in RIPA buffer (LPS solution, Korea) supplemented with 
protease and phosphatase inhibitor cocktail (ThermoFisher). Protein 
concentrations of EVs, WCL, and mouse tissues were measured using the 
BCA protein assay kit (ThermoFisher), following the manufacturer’s 
protocol. Proteins were separated from 4 to 12 % Bis-Tris Flus gels 
(Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). 
The membranes were blocked with a blocking buffer (Thermo Fisher) for 
10 min at RT and incubated overnight with primary antibodies at 4 ◦C on 
a rocker. After washing, the membranes were incubated with secondary 
antibodies for 2 h at RT. Protein signals were detected using the 
enhanced chemiluminescence (ECL; Thermo Fisher) kit and visualized 
using the iBright™ imaging system (Invitrogen). Data analysis was 
performed using iBright analysis software. The antibody lists used in this 
study are provided in Supplementary Table 1. Flow cytometry analysis 
was conducted using the MACSPlex Exosome Kit (Miltenyi Biotec) ac
cording to the manufacturer’s protocol. The EVs were analyzed on a 
CytoFLEX flow cytometer (Beckman Coulter). Data acquisition and 
analysis were performed using CytExpert software.

5.9. Cell viability

The HDF and HaCaT cells were seeded in a 96-well plate (SPL) at a 
density of 3 × 103 cells per well and incubated at 37 ◦C in a humidified 
atmosphere with 5 % CO₂ for 24 h. After incubation, the cells were 
washed thrice with 1× PBS (Gibco), and the culture medium was 
replaced with DMEM (Gibco) supplemented with a 10 % EV-depleted 
FBS. The EVs were added to the medium at concentrations of 1 × 106, 
1 × 107, 1 × 108, and 1 × 109 particles/mL. After an additional 24 h of 
incubation under the same conditions, cell viability was assessed using 
the Cellrix® assay kit (MediFab). The assay was performed according to 
the manufacturer’s instructions by incubating the cells with the reagent 
for 2 h, followed by the measurement of absorbance at 450 nm using a 
SpectraMax iD3 microplate reader (Molecular Devices).

5.10. EV labeling and tracing

The EVs were labeled with DiR dye (Invitrogen) at RT for 1 h, and the 
unbound free dye was removed using OptiPrep™ (iodixanol) density 
gradient ultracentrifugation at 120,000 g for 2 h. For in vitro tracing, the 
DiR-labeled EVs were incubated with HDF and HaCaT cells for 12 h, 
after which the cells were mounted using VECTASHIELD® Antifade 
Mounting Medium with DAPI (Vector Laboratories), following the 
manufacturer’s protocol. For the in vivo penetration experiment, the 
mice were randomly divided into four groups based on the EV admin
istration methods: non-treated control, topical, injection, and PIPD. 
After 24 h, the mice were sacrificed, and dorsal skin tissue was excised 
and fixed in 4 % paraformaldehyde (PFA). The fixed tissues were 
embedded in OCT compound within cryomolds on crushed ice and snap- 
frozen on a cold block at − 80 ◦C or in liquid nitrogen. Cryosections of 5- 
μm thickness were prepared, stained with DAPI, and analyzed using 
confocal laser microscopy (Carl Zeiss LSM 800) to assess EV penetration 
into the skin.

5.11. NO assay

RAW264.7 cells were seeded onto a 24-well plate (SPL) at a density 
of 1.5 × 105 cells per well and incubated at 37 ◦C in a humidified at
mosphere with 5 % CO₂ for 12 h. After incubation, the cells were treated 
with a DMEM medium containing 10 % EV-depleted FBS, EVs at con
centrations of 1 × 108 or 1 × 109 particles/mL, 10 ng/mL lipopolysac
charide (LPS; Sigma), and 10 μM dexamethasone (DEX; Peprotech). For 
NO measurement, the culture medium was harvested, centrifuged at 
200 ×g for 3 min at RT, and the supernatant was carefully transferred 
into a new tube. An equal volume of Griess reagent [0.1 % N-(1-naph
thyl) ethylenediamine dihydrochloride and 1 % sulfanilamide in 5 % 
phosphoric acid] was added to the supernatant, mixed thoroughly, and 

incubated at RT for 10 min. The absorbance was measured at 540 nm 
using a SpectraMax microplate reader (Molecular Devices).

5.12. Quantitative real-time PCR (qRT-PCR)

The total RNA was isolated from RAW264.7 cells using a Labozol 
reagent (Cosmo Gentech) according to the manufacturer’s protocol. The 
purified RNA was quantified using the NanoDrop spectrophotometer 
(ND-ONE, NanoDrop Technologies Inc.). cDNA was synthesized from 2 
μg of the total extracted RNA using an M-MuLV reverse transcription kit 
(Cosmo Genetech). qRT-PCR was performed using EzAmp™ qPCR 2×
Master Mix (ELPIS-BIOTECH) according to the manufacturer’s recom
mendations and run on a QuantStudio™ 3 Real-Time PCR System 
(Thermo Fisher Scientific). The results were normalized to GAPDH 
expression as an internal control and quantified using the ΔΔCt method. 
The primer sequences used in this study are listed in Supplementary 
Table 2.

5.13. In vivo wound healing assay

To analyze the in vivo wound healing capacity, the mice were 
injected with 60 mg/kg alfaxalone (Alfaxan, Careside, South Korea) and 
10 mg/kg Rompun (4:1 ratio) for anesthesia. To induce two full- 
thickness skin wounds, a sterile biopsy punch (8-mm diameter, Kai In
dustries, Japan) was used on their backs. The mice were randomly 
divided into five groups (n = 5 per group): (1) 1× PBS control, (2) 
Topical application of 500 μL, (3) Injection of 500 μL, and (4) PIPD of 
500 μL. The EVs were suspended in 1× PBS at a concentration of 1 × 10 
10 particles/mL in a volume of 500 μL. For the control and injection 
groups, 500 μL of the respective solutions (1× PBS only for the control 
group) were administered via intradermal injection at five points equi
distant around each wound. The topical group treated 500 μL of the EVs 
suspension applied directly to the wound area. The PIPD group treated 
the EVs suspension applied to the wound area via PIPD. The wound size 
was measured at baseline (day 0) and subsequently on days 3, 5, 7, and 
11 using a ruler. Wound contraction and re-epithelialization were 
quantified using the ImageJ software. Sections of 5 μm thickness were 
stained with H&E, and MT staining was performed to assess the extra
cellular matrix (ECM) deposition in the regenerating wound tissue.

5.14. Histological analysis

To evaluate histological evaluation, dorsal skin was fixed in 4 % PFA. 
Then it was embedded in paraffin, followed by sectioning. Sections of 5 
μm thickness were stained with H&E, and MT staining was performed to 
assess ECM deposition in the regenerating wound tissue. Wound 
contraction and re-epithelialization were quantified using the ImageJ 
software. Atopic tissues were embedded in paraffin, sectioned, and 
stained with H&E and toluidine blue. Images were analyzed using 
iViewer software (UNIC Technologies). Mast cells and eosinophils were 
counted in three fields per sample.

5.15. In vivo atopic dermatitis

To induce atopic dermatitis-like lesions, mice were sensitized topi
cally with 2 % DNCB on days 1 and 5, followed by 0.2 % DNCB twice 
weekly for two weeks. The mice were randomly assigned groups, 
following the same experimental design as the wound healing model. 
The therapeutic efficacy was assessed by weekly macroscopic evalua
tions. The dermatitis severity scoring system encompassed three clinical 
parameters: erythema/hemorrhage, scarring/dryness, and scaling/ 
erosion, each graded on a 0–3 scale. Three weeks post-induction, the 
mice were sacrificed for analysis.
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5.16. Statistical

All statistical analyses were performed using GraphPad Prism 
(version 10). Most experiments were performed in triplicate. The 
adjusted p-values were calculated using one-way or two-way ANOVA to 
determine the statistical significance. In all figures, the asterisk symbol 
indicates statistical significance as follows: *p < 0.05; **p < 0.01; ***p 
< 0.001; ****p < 0.0001; ####p < 0.0001.
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