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Abstract
Hypertrophic scar (HS) is a pathologic fibrotic disease caused by aberrant wound healing following severe 
skin injury. Despite advances in clinical treatments, the therapeutic outcomes remain suboptimal, mainly due 
to inadequate penetration through the thickened stratum corneum barrier and insufficient site-specific drug 
delivery within the lesional tissue. To address these limitations, we developed a hyaluronic acid-based dissolving 
microneedle array loaded with reactive oxygen species (ROS)-responsive asiatic acid nanoparticles (AA/PTP MN). 
This advanced platform facilitates direct intradermal delivery of therapeutic agents by penetrating the stratum 
corneum. Upon dissolution in the scar tissue, the released AA/PTP nanoparticles respond to the elevated 
ROS levels, enabling precise and sustained release of asiatic acid (AA) to actively remodel the pathological 
microenvironment. This innovative nano-micro platform exhibited excellent ROS sensitivity, robust mechanical 
properties, and good biocompatibility. In vitro experiments revealed that AA/PTP can specifically inhibited the 
proliferation of hypertrophic scar fibroblasts and reduced macrophage migration. In the rabbit ear HS model, AA/
PTP MN treatment effectively remodeled the pathological HS microenvironment, as evidenced by significantly 
reduced scar thickness, normalized collagen architecture, and marked inhibition of skin fibrosis. RNA sequencing 
analysis confirmed that this therapeutic effect was achieved through multi-faceted regulation of the scar 
microenvironment: inhibiting fibroblast and keratinocyte proliferation, attenuating inflammation, and reducing 
excessive collagen deposition. In summary, this microneedle-based strategy of microenvironment-specific drug 
release represents a promising and effective therapeutic avenue for achieving scarless regeneration in hypertrophic 
scars.
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Introduction
Hypertrophic scar (HS) is a dysfunctional fibrotic pro-
liferation resulting from various forms of skin trauma, 
leading to both physical disfigurement and significant 
psychological distress for patients [1]. The formation of 
HS is influenced by multiple factors, including exces-
sive fibroblast proliferation and differentiation, abnor-
mal collagen deposition, and dysregulated inflammatory 
responses [2, 3]. Conventional treatments for HS primar-
ily involve surgical excision, cryotherapy, laser therapy, 
and local intralesional injections of glucocorticoids, ste-
roids, or 5-fluorouracil [4, 5]. However, these approaches 
are often associated with drawbacks, including high 
recurrence rates, prolonged healing times, and sub-
stantial side effects [6–8]. Accordingly, it is essential to 
develop novel and more effective anti-scar therapies.

Asiatic acid (AA), the primary active ingredient of the 
herbal medicine Centella asiatica (CA) [9, 10], has dem-
onstrated therapeutic potential in various dermatological 
diseases [11, 12], including psoriasis [13], ultraviolet-A 
induced photoaging [14], and skin cancers [15]. Its mech-
anisms of action include promoting extracellular matrix 
remodeling, inhibiting inflammation, stimulating angio-
genesis, and regulating oxidative stress. Furthermore, 
AA has been shown to exert a potent inhibitory effect on 
fibrocyte proliferation [16, 17]. Based on these properties, 
AA has emerged as a promising candidate for HS. Never-
theless, its clinical application is hindered by challenges 
such as low water solubility, rapid systemic clearance, and 
poor bioavailability [18]. To address these limitations, AA 
has been formulated into various nanoparticle (NPs) sys-
tems [17, 19]. However, there remain some critical chal-
lenges with conventional NPs in the treatment of HS: (1) 
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While NPs can enhance drug absorption, they often lack 
the ability to achieve targeted drug release at the lesion 
site, potentially leading to increased side effects; (2) The 
majority of NPs struggle to penetrate deeper regions of 
HS due to the stratum corneum barrier, potentially limit-
ing their therapeutic efficacy. Consequently, it is desirable 
to construct a controlled-release drug platform with high 
selectivity, minimal side effects, responsiveness to endog-
enous stimuli, and enhanced tissue penetration.

In the HS microenvironment, excessive fibroblast pro-
liferation and microvascular occlusion lead to localized 
hypoxia, which ultimately results in an abnormal increase 
in reactive oxygen species (ROS) [20, 21]. The thioketal 
(TK) bond, a ROS-sensitive covalent bond, degrades into 
acetone and thiols even at low ROS concentrations [22] 
and has been used for controlled release delivery of ther-
apeutic drugs for tumors and inflammatory diseases. In 
this study, we incorporated TK bonds between polyeth-
ylene glycol (PEG) and polylactic glycolic acid (PLGA), 
enabling the formation of self-assembling nanoparticles 
and further encapsulating AA (AA/PTP). The prepared 
AA/PTP NPs were designed to be cleaved by ROS in the 
HS microenvironment, facilitating the responsive release 
of AA at the target region and reducing side effects, posi-
tioning AA/PTP as a promising targeted delivery system 
for therapeutic applications.

Another challenge limiting the efficacy of NPs for HS 
treatment is the presence of specialized skin barriers, 
such as the stratum corneum and the dense structure of 
scar tissue, which significantly impede drug penetration 
[23, 24]. However, advancements in nano/micro fabrica-
tion have led to the development of a novel and promis-
ing transdermal delivery method based on microneedle 
(MN) technology, which has revolutionized the treat-
ment of various skin diseases [25, 26]. They can bypass 
the stratum corneum by creating microchannels through 
micrometer-sized needle tips, enabling the convenient, 
noninvasive, and painless delivery of therapeutic mol-
ecules directly into the dermis and subsequently enter 
the circulatory system [27–29]. Furthermore, research-
ers have demonstrated that microneedle devices enable 
the modulation of tissue ultrastructure and biomechani-
cal properties by penetrating the epidermis and forming 
microporous array channels, thereby achieving scarless 
healing in a minimally invasive manner [30].

Herein, we developed endogenous ROS-responsive 
nanoparticles and incorporated them into a hyaluronic 
acid-based dissolving microneedle array (AA/PTP MN) 
to facilitate more efficient and painless therapy for HS 
(as illustrated in Scheme 1). The AA/PTP MN patch was 
applied to HS tissue, where the microneedle tips created 
microchannels, facilitating intradermal deposition of AA/
PTP nanoparticles as the microneedle matrix dissolved. 
Subsequently, in the high-ROS microenvironment, AA 

was targeted released due to the unique structural prop-
erties of AA/PTP. The therapeutic mechanism of AA/
PTP MN in treating HS may be related to the inhibition 
of abnormal fibroblast and keratinocyte proliferation 
in HS tissue, as well as the alleviation of inflammatory 
responses. Overall, functional transdermal nano-micro-
needles that respond to pathological microenvironments 
enhance drug delivery efficacy while minimizing poten-
tial adverse effects.

Experimental section
Materials, cell lines, and animals
The reagents and materials were sourced as follows: 
AA (98% purity) was produced by Guangxi Institute for 
Food and Drug Control (Nanning, China). PEG2000-TK-
PLGA5000 were acquired from Xi’an Ruixi Biotechnol-
ogy (Xi’an, China). Coumarin 6 (C6) was obtained from 
Dalian Meilun Biotechnology Co., Ltd. (Liaoning, China). 
The Cell Counting Kit-8 (CCK-8) and crystal violet were 
obtained from Beyotime (China). Small molecular Hyal-
uronic acid (HA, 1000 Da) was purchased from Shang-
hai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 
Polydimethylsiloxane (PDMS) was bought from Taizhou 
Microchip Medical Technology Co., Ltd. (Taizhou, 
China). All supplementary reagents and solvents utilized 
were of analytical purity.

In compliance with the Declaration of Helsinki and 
with approval from Wenzhou People’s Hospital (Approval 
No. 2022 − 415), primary hypertrophic scar fibroblasts 
(HSFb) and normal dermal fibroblasts (HDF) were iso-
lated from fresh human pathological HS tissues and nor-
mal skin, respectively. The procedure was conducted as 
follows: the surgically harvested dermal specimens were 
thoroughly cleaned with sterile PBS and then sliced into 
tiny pieces. Following the removal of attached fat, the 
tissue fragments were digested with collagenase type I 
(BioFroxx, Germany) for 6 h. Isolated cells were cultured 
in high glucose DMEM (HyClone, South Logan, USA) 
containing 10% fetal bovine serum (Gibco, USA) and 
1% penicillin/streptomycin at 37  °C. For in vitro experi-
ments, cells between passages three and seven were used. 
The HaCaT cell line was purchased from Meisen Cell 
Technology (Zhejiang, China).

Female New Zealand rabbits (weighing between 1.5 
and 2.0  kg, single-housed) and Sprague-Dawley (SD) 
rats (200 ± 20  g) were procured from Zhejiang Labo-
ratory Animal Center (Hangzhou, China). All animal 
care procedures and experimental protocols were con-
ducted under the guidelines established by the Animal 
Ethics Committee of Zhejiang Province (Approval No. 
2021 − 266).
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Preparation and characterization of AA/PEG2000-TK-
PLGA5000 nanoparticle
AA/PEG2000-TK-PLGA5000 NPs (AA/PTP) were synthe-
sized using a self-assembly emulsion method. Briefly, 
PEG2000-TK-PLGA5000 (600  mg) and AA (50  mg) were 
dissolved in 10 mL of acetone and 5 mL of methanol, 
respectively. Subsequently, these two solutions were thor-
oughly mixed and then added to 150 mL of 0.5% tocofer-
solan (w/v) and magnetically stirred at room temperature 
(10 min, 800 rpm). The organic solvent was removed via 
rotary evaporation, and any residual material was sepa-
rated by centrifugation (10  min, 3000  rpm). Finally, the 
nanoparticle dispersion was collected for further use.

The morphology of AA/PTP was photographed using 
transmission electron microscopy (TEM, FEI Tecnai F30, 
USA), while the size distribution and ζ potential were 
measured via a Malvern Zetasizer Nano ZS90.

The AA content in both the AA/PTP complex and the 
release samples was quantified using a Shimadzu HPLC 
system (LC-20AD, Japan) [17, 19]. The chromatographic 
eluent system was composed of KH2PO4 (pH 3.0) mixed 
with acetonitrile/methanol (1:1) in a 20:80 (v/v) ratio, iso-
cratically delivered at 1.0 mL/min. The detection wave-
length of AA was 210 nm. Prior to analysis, the AA/PTP 
dispersion was diluted with DMSO and subjected to 10 
min of ultrasonication, followed by filtration. The result-
ing filtrate was then analyzed by HPLC. The following 
equations were used to calculate the drug loadings (DL, 
%) and encapsulation efficiency (EE, %) of AA.

	
EE(%)=

Amount of AA in AA/PTP
Total AA added

× 100%� (1)

	
DL(%)=

Amount of AA in AA/PTP
Weight of AA/PTP

× 100%� (2)

Fig. 1  Schematic illustration of the AA/PTP MN platform. (A) Diagram of the nano-microneedle fabrication process. (B) Schematic illustration of AA/PTP 
MN on HS treatment. The MN patch penetrates the HS tissue, and AA/PTP nanoparticles are released as the microneedle matrix dissolves. Subsequently, 
the TK bond breaks in a high-ROS microenvironment, and AA/PTP efficiently decomposes and targeted releases the drug due to its unique structure. (C) 
During this process, fibroblast apoptosis and keratinocyte rearrangement are induced, ROS levels and inflammation are reduced, leading to inhibition of 
collagen synthesis and effective treatment of HS
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The in vitro release profile of AA/PTP was performed 
using dialysis technique under varying H2O2 concentra-
tions. 1 mL of AA/PTP dispersion was placed inside a 
dialysis bag (7000 Da) and submerged in 20 mL of pH 7.4 
PBS containing H2O2 (0, 0.05, 0.5 and 5 mM). The dialy-
sis bag was then agitated at 100 rpm and maintained at 
37 °C. At predetermined time intervals (0.5, 1, 2, 3, 4, 6, 
8, 10, 12, 24, and 48  h), samples of the release medium 
were collected, and the entire medium was replaced with 
fresh PBS. The cumulative release of AA was quantified 
by HPLC as previously mentioned.

Fluorescently labeled NPs were produced by substitut-
ing C6 for AA, which was used in the cell uptake experi-
ment (C6/PTP).

Preparation and characterization of MNs
Fabrication of AA/PTP MN patches
Conical hyaluronic acid (HA) MN was prepared using 
PDMS female molds (10 mm square array with a 10 × 10 
needle configuration, where each needle measured 
800 μm in height, 200 μm in base diameter, and 700 μm 
in pitch). The preparation process began by combining 
either AA or a freeze-dried AA/PTP powder (containing 
2 mg of AA) with 0.3 g of HA in deionized water to form 
a nanoplex-containing matrix solution. Subsequently, 
250 µL of this matrix solution was carefully added to the 
mold. The PDMS mold was then centrifuged for 15 min 
at 3500  rpm to ensure complete infiltration of the bio-
polymer solution into the pyramidal cavities of the mold. 
The mold surface was cleaned of excess solution. Follow-
ing this, the AA/PTP MN patches were gently slipped off 
the mold after drying and solidifying.

Fluorescently labeled microneedle patches (C6-labeled 
nanoparticles and rhodamine B-labeled microneedle 
matrix) were prepared to observe the morphology of 
microneedles and the skin penetration experiment on 
rabbit ear scar tissue. Furthermore, the amounts of AA in 
AA MN patch and AA/PTP MN patch were quantified by 
the HPLC method described previously.

Analysis of morphology, mechanical properties, and 
dissolvability
The morphology of the AA/PTP MN was examined by 
a focused ion beam-scanning electron microscope (FIB-
SEM, FEI Scios 2 HiVac, Thermo Scientific, USA) and a 
confocal laser scanning microscope (CLSM, A1 HD25, 
Nikon, Japan).

The biomechanical performance of the AA/PTP 
MN was quantitatively assessed in a texture analyzer 
(TMS-PRO, Food Technology Corporation, USA). The 
test was conducted with a trigger force of 0.05 N and a 
TMS 10 mm cylindrical light-metal probe. The AA/PTP 
MN was secured to the platform with the needle tips 
positioned toward the pressure sensor. The sensor was 

programmed to move at a constant speed of 0.5  mm/s. 
Measurement commenced when the needle tips touched 
the sensor and concluded once 80% of the predefined 
displacement (640  μm) was achieved. Throughout the 
procedure, both the displacement distance and the com-
pressive force were continuously recorded.

To monitor the dissolving process, the AA MN and AA/
PTP MN patches with different hyaluronic acid matrix 
ratios (10%HA、20%HA、25%HA、30%HA) were 
pressed onto the rabbit ear and subsequently removed at 
different time points. The morphological changes of the 
retrieved microneedles were observed using a scanning 
electron microscope (SEM, IT200, JEOL, Japan) or an 
optical microscope.

Hemolysis experiment
For hemocompatibility assessment, freshly isolated rab-
bit erythrocytes were reconstituted in normal saline to a 
2% (v/v) concentration and then combined with an equal 
volume of an AA/PTP saline solution. Furthermore, the 
negative and positive controls were prepared by mix-
ing the erythrocyte suspension with normal saline and 
water, respectively. Following a two-hour incubation at 
37 °C, the mixtures were centrifuged at 12,000 rpm. The 
obtained supernatant was spectrophotometrically quan-
tified by a Synergy2 microplate reader (Bio-Tek, USA) at 
541 nm. Equation 3 was used to calculate the hemolysis 
ratio.

	
Hemolysis ratio(%)=

Abs sample - Abs negative
Abs positive - Abs negative

× 100%� (3)

The absorbances of the AA/PTP sample, positive control 
and negative control are denoted as Abs sample, Abs positive 
and Abs negative, respectively. Each group comprised three 
replicates.

In vivo investigation of AA/PTP MN insertion
To visualize the transdermal penetration of AA/PTP MN 
and the drug distribution in local skin tissue, C6-labeled 
microneedles were applied to the HS tissue of rabbit ears 
for 10 min and subsequently removed. As a contrast, C6/
PTP was applied directly to the HS tissue. After 1 h, the 
skin tissues were carefully excised and snap-frozen in liq-
uid nitrogen. Subsequently, samples were sectioned using 
a cryostat microtome (HM525NX, Thermo Scientific, 
USA) and stained with DAPI nuclear dye. The prepared 
sections were subjected to fluorescence visualization 
under a BX53 fluorescence microscope (Olympus, Japan) 
equipped with a PANNORAMIC SCAN II imaging sys-
tem (3D HISTECH Ltd) to confirm the effective insertion 
of the microneedles.

Optical coherence tomography (OCT, TowardPi 
Medical Technology Ltd, China) was employed to 
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quantitatively assess the penetration depth of AA/PTP 
MN in rabbit ear HS tissue. The insertion process was 
imaged in real time using an OCT system at a laser wave-
length of 1060 nm.

In vitro cell viability
To evaluate the viability, HSFb and Raw 264.7 cells were 
seeded at a density of 5 × 103 cells per well in 96-well 
plates and incubated overnight. Thereafter, the cells were 
exposed to gradient concentrations of free AA or AA/
PTP solution (2, 5, 10, 20, 50, and 100 µM). After 24  h 
of incubation, CCK-8 reagent (10 µL) was added and 
cultured for an additional hour. The OD450 values were 
then measured by a microplate reader. Untreated HSFb 
and Raw 264.7 cells were used as the control, represent-
ing 100% cell viability.

In vitro apoptosis properties of AA/PTP
The apoptotic effect of AA/PTP on HSFb was deter-
mined by the Annexin V-APC/PI apoptosis detection kit 
(Multi Sciences, China). Specifically, HSFb were seeded 
at a density of 1 × 105 cells per well in 12-well plates and 
cultured overnight. Subsequently, various formulations 
at 5 or 10 µM were applied to the cells. After a 24-hour 
incubation period, the cells were washed and stained 
in the dark for 10  min with annexin V-APC (2 µL) and 
propidium iodide (PI, 4 µL). The samples were analyzed 
using a flow cytometer (BD Accuri C6 Plus, BD Biosci-
ences, USA), and the resulting data were processed with 
FlowJo V10 software (TreeStar Inc., USA).

Cellular uptake
Due to the stable properties and high fluorescence effi-
ciency, C6 was employed as the fluorescent indicator for 
cellular uptake investigations. HSFb and Raw 264.7 cells 
were seeded at a density of 5 × 104 cells per well in 6-well 
plates and cultured for 12 h. Thereafter, C6-labeled NPs 
(C6/PTP, 2 µg/mL) were added and co-incubated for dif-
ferent times. The cells were gathered for flow cytometric 
quantitative analysis following a thorough PBS wash to 
eliminate uninternalized C6/PTP. For nanoscale local-
ization profiling, cell monolayers were dual-stained with 
DAPI and Lysotracker Red, respectively. Finally, intra-
cellular fluorescence was visualized using a fluorescence 
microscope (EVOS M7000, Invitrogen, USA).

Cell migration and intracellular ROS measurement
Wound scratch assays were used to evaluate HSFb migra-
tion in the presence of AA and AA/PTP. HSFb were 
seeded into 6-well plates (3 × 105 cells/well) and allowed 
to adhere for 12  h. Uniform scratches were created in 
the middle of the wells using sterile pipette tips. Fresh 
medium containing AA or AA/PTP was added to each 
well. Cell migration was monitored at 0, 6, 12, and 24 h 

using inverted microscopy. Quantitative analysis was 
performed by measuring scratch areas with ImageJ soft-
ware. The wound healing rate (WHR) was determined 
using Eq. 4:

	
WHR(%)=

A 0-A t
A0

× 100%� (4)

Where A0 and At represent the area of the scratch at 0 h 
and t h, respectively.

The elimination of intracellular ROS was monitored 
by 2’−7’-dichlorofluorescindiacetate (DCFH-DA; Solar-
bio Science & Technology, China) in HSFb, HDF, and 
HaCaT cell lines. Specifically, three cell lines were seeded 
in 12-well plates (2 × 105 cells/well) and incubated with 
different interventions (AA and AA/PTP) and H2O2 (200 
µM). After 12 h of culture, cells were washed with cold 
PBS and incubated with DCFH-DA (10 µM) for 30 min 
at 37 ℃ in the dark. Untreated cells were used as the con-
trol group. Subsequently, cells were evaluated using fluo-
rescence microscopy. The mean fluorescence intensity 
(MFI) was semiquantified using ImageJ software (NIH, 
USA).

Migration and polarization of macrophages
To simulate the recruitment of immune cells to HS tis-
sues, a transwell assay was used to evaluate the chemotac-
tic migration ability of macrophages. Raw 264.7 (1 × 105 
cells/well) were inoculated into the upper chamber of a 
3 μm pore size transwell insert (Corning, USA), and the 
lower chamber was filled with HSFb culture supernatant 
(0.22 μm filtrate). After 24 h incubation with AA or AA/
PTP (5, 10 µM) at 37 °C, migrated cells on the lower side 
of the insert were fixed with 4% formalin and stained 
with crystal violet. The stained cells were observed and 
photographed with an inverted microscope.

To evaluate the anti-inflammatory activity of AA/PTP, 
we examined its effect on macrophage polarization from 
the pro-inflammatory M1 phenotype to the anti-inflam-
matory M2 phenotype. Briefly, Raw 264.7 cells were 
seeded in 6-well plates (2 × 105 cells/well) and incubated 
at 37 ℃ in 5% CO2. Cells were then stimulated with LPS 
(500 ng/mL) in the presence of AA or AA/PTP for 24 h. 
Next, the cells were harvested, washed three times with 
PBS, and stained with anti-CD86-V450 (Thermo Fisher 
Scientific, USA), anti-CD206-APC (Liankebio, China), 
CD11b-FITC (Liankebio, China), and F4/80-PE (Lianke-
bio, China), respectively. Finally, cells were resuspended 
in PBS and analyzed by flow cytometry (BD FACSCe-
lesta, BD Biosciences, USA).

Pharmacodynamics studies
The HS model was surgically induced on the ventral sur-
face of rabbit ears to evaluate the therapeutic efficacy of 
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microneedles in vivo. Briefly, New Zealand rabbits were 
anesthetized via intravenous injection into the ear using 
Zoletil 50 (0.15 mL/kg) and Su Mian Xin II (0.05 mL/kg). 
Three circular injuries (10 mm in diameter) were created 
per ear through complete excision of epidermis, dermis, 
and perichondrium, while avoiding damage to the cen-
tral auricular artery and peripheral auricular veins. After 
a week, the newly formed scar tissue was peeled off to 
re-expose the wound, promoting accelerated granulation 
and fibroplasia. Following 21 days of recovery and epi-
thelialization, firm and compact hypertrophic scars were 
formed at the wound sites. The rabbits were divided into 
7 groups at random: normal group (untreated), HS model 
group (untreated), HS + Blank MN group, HS + AA/PTP 
group, HS + AA MN group, HS + AA/PTP MN group, 
and HS + CA Cream group (treated with Centella asiat-
ica cream, a commercial product). Except for the normal 
and HS model groups, all other groups were treated once 
every other day (n = 6 per group). For the MN groups, 
the microneedle patches were applied to the scar sites 
and pressed firmly for 10 min. For the AA/PTP and CA 
Cream groups, the formulations were applied directly to 
the wound sites. After three weeks of continuous treat-
ment, lesional tissues were harvested for morphologi-
cal observation, histological examination, and protein 
expression analysis.

Efficacy assessment and histological analysis
After harvesting and fixing in 4% paraformaldehyde, the 
HS samples were embedded in paraffin and sectioned 
into 5  μm slices. The extent of re-epithelialization and 
collagen deposition was examined using hematoxylin and 
eosin (H&E) staining and Masson’s trichrome staining, 
respectively. The stained sections were visualized using 
a fully automated digital slide scanner (Eclipse E100, 
Nikon). The scar elevation index (SEI) was obtained 
using Eq. 5, which represents the proportion between the 
thickness of hypertrophic scar tissue (H scar) and normal 
tissue (H normal) above the cartilage surface.

	
SEI(%)=

H scar
H normal

� (5)

For the immunohistochemical experiment, tissue sec-
tions were incubated with primary antibodies against 
collagen I (Proteintech, 1:1000), collagen III (Protein-
tech, 1:1000), α-smooth muscle actin (α-SMA) (Haoke 
Biotechnology, 1:2500), Cytokeratin 6 (CK6) (Biolynx 
Biotechnology, 1:2500) at 4  °C overnight. Subsequently, 
the sections were incubated with an HRP-conjugated 
secondary antibody (Haoke Biotechnology) for one 
hour at 25 °C. Following this, the sections were counter-
stained with hematoxylin. Positive cells were visualized 

by the application of DAB (3,3’-diaminobenzidine) to the 
sections.

Real-time polymerase chain reaction analysis (RT-PCR)
The expression of collagen and inflammatory factor genes 
in cells and rabbit ear tissues was analyzed using RT-
PCR. Total mRNA was extracted and purified using the 
SteadyPure RNA Extraction Kit (Accurate Biotechnol-
ogy (Hunan) Co., Ltd.), which was subsequently detected 
by a NanoDrop2000 micro-spectrophotometer (Thermo 
Scientific, Waltham, USA). The gene expression levels of 
collagen I (COL I), collagen III (COL III), transforming 
growth factor-beta1 (TGF-β1), interleukin-6 (IL-6), and 
interleukin-1β (IL-1β) were quantified through SYBR-
based quantitative PCR (Yeasen Biotech Co., Ltd., China) 
on a BIO-RAD My Cycler (Germany). The comparative 2 
−△△Ct method was used to evaluate the data. The oligo-
nucleotide primer sequences that were utilized for PCR 
amplification are listed in Table S1.

RNA sequencing analysis
To investigate the RNA changes induced by various 
treatments on HS, RNA sequencing was performed on 
rabbit HS ear tissue from three experimental groups 
(normal, HS model, and HS + AA/PTP MN). Total RNA 
was extracted using Invitrogen TRIzol Reagent (Carls-
bad, USA) and then assessed using a NanoDrop ND-1000 
spectrophotometer (Wilmington, USA) and a Fragment 
Analyzer (Thermo Scientific, Waltham, USA). Subse-
quently, mRNA was purified and enriched using mag-
netic beads conjugated with Oligo(dT). Sequencing was 
conducted on the DNBSEQ platform using the PE150 
model (Beijing Genomics Institute, Shenzhen, China). 
HISAT2 (version 2.2.1) and Bowtie2 (version 2.3.4.3) 
were used to map the clean reads to the genome and 
reference gene, respectively. RSEM (version 1.2.28) was 
used to quantify gene expression, and pheatmap (version 
1.0.10) was used to draw the clustering heatmap of gene 
expression across different samples. Differential gene 
expression analysis was performed using DESeq2 (ver-
sion 1.40.2), with a Q-value threshold of ≤ 0.05. Differen-
tially expressed genes (DEGs) were identified using the 
following criteria: |fold change| ≥ 1.5 and Q < 0.05. Path-
way enrichment analysis was performed using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(https://www.kegg.jp/).

Western blotting analysis
The expression levels of TGF-β1 and COL I in rabbit ear 
tissues were analyzed using western blotting. Total pro-
tein content was determined using a BCA assay kit (Bey-
otime, China) following protein extraction with a RIPA 
lysis kit (Beyotime, China). The proteins were separated 
by 10% SDS-PAGE and transferred to a PVDF membrane 

https://www.kegg.jp/


Page 8 of 23Zhang et al. Journal of Nanobiotechnology          (2026) 24:171 

at 110 V for one hour. Following an overnight incubation 
at 4  °C with primary antibodies (Proteintech, 1:1000), 
the membranes were incubated for an hour at 25 °C with 
secondary antibodies (HUABIO, 1:50,000). Tubulin anti-
bodies (Beyotime, 1:1000) were employed as internal 
controls. Chemiluminescence signals were captured and 
analyzed using ImageJ software.

Statistical analysis
The data were expressed as mean ± standard devia-
tion (SD). Statistical analysis was conducted employing 
one-way analysis of variance (ANOVA) with GraphPad 
Prism 9.0. p-value: n.s. means no significance, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Results and discussion
Characterization of AA/PTP
The synthesized AA/PTP exhibited favorable dispersion 
properties, with a particle size of (48.9 ± 4.2) nm and a 
polydispersity index (PDI) of less than 0.3 (Fig. 2A). Fur-
thermore, the zeta potential of AA/PTP was measured at 
(−19.5 ± 0.4) mV (Fig. 2B), indicating a stable formulation. 
To evaluate the ROS-responsive capability of the AA/
PTP, the diameter was measured at specific time intervals 
following incubation with 0.5 mM H₂O₂. As illustrated in 
Fig.  2C, the particle size increased in a time-dependent 
manner, reaching approximately 300 nm after 24 h, sug-
gesting that the AA/PTP underwent hydrolysis upon 
exposure to H₂O₂. TEM images revealed that the spheri-
cal micelles initially exhibited a narrow particle size 

distribution (Fig. 2D, left and upper right). However, after 
H₂O₂ treatment, the initially uniform spheroidal nano-
structures exhibited significant morphological degrada-
tion, manifesting as interparticle coalescence (Fig.  2D, 
lower right), which may have contributed to an increase 
in particle size, as measured by dynamic light scattering 
(Malvern). The observed behavior may be attributed to 
the ROS-responsive nature of the TK bond, which was 
cleaved under ROS conditions. Additionally, the PDI 
increased during H2O2 incubation, indicating a gradual 
loss of uniformity in particle size distribution within the 
dispersion. After 24  h at room temperature, white par-
ticles were observed in the AA/PTP dispersion, indicat-
ing AA precipitation. The EE and DL of AA/PTP were 
(91.1 ± 1.5) % and (4.6 ± 0.4) % (n = 6), respectively.

Moreover, the in vitro release of AA/PTP at varying 
H2O2 concentrations was further investigated, and the 
time-dependent release profile is displayed in Fig. 2E. AA 
was slowly released from AA/PTP in PBS without H2O2. 
The release rate increased significantly with increas-
ing H2O2 concentration, possibly due to the breakage of 
the TK bond under H2O2 stimulation, thereby acceler-
ating the release of AA. This result confirmed the ROS-
responsive release profile of AA/PTP, enabling it to 
minimize drug release in normal tissues with low ROS 
levels while achieving efficient release in scar tissues with 
a high ROS microenvironment, thereby reducing poten-
tial side effects. In summary, AA/PTP represents a novel 
ROS-sensitive platform with promising potential for the 

Fig. 2  Characterization of AA/PTP. (A) Size distributions and (B) zeta potentials of AA/PTP. (C) Particle size variations of AA/PTP at different H2O2 incubation 
durations. (D) Morphological changes of AA/PTP before and after H₂O₂ (0.5 mM) exposure, scale bar = 100 nm. (E) Drug release curves of AA after incuba-
tion with 0, 0.05, 0.5 and 5 mM H2O2 in PBS (n = 5)
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targeted treatment of diseases characterized by elevated 
ROS levels.

Characterization and mechanical properties of AA/PTP MN 
patches
The AA/PTP MN patches were composed of a 10 × 10 
array of regularly arranged needles (Fig. 3A). The needles 
exhibited a conical shape with uniform and consistent 
morphology (Fig. 3B). To further investigate the internal 
microtubule structure of the MN, the tip of a micronee-
dle was carefully removed, and the transverse section was 
analyzed using FIB-SEM. As depicted in Fig.  3C, AA/
PTP nanoparticles with an approximate particle size of 
50  nm were observed within the microneedles, which 
consistent with the findings presented in Fig.  2A. Fur-
thermore, C6-loaded nanoparticles were entrapmented 
onto microneedles co-loaded with rhodamine B to visu-
alize the insertion process. Under CLSM 3D fluorescence 
scanning and reconstruction, green and red fluores-
cein were uniformly distributed across the needle sur-
face (Fig.  3E), demonstrating the effective drug-loading 
capability of the microneedles. According to the HPLC 
results, the drug loading content was (0.48 ± 0.01) mg and 
(0.51 ± 0.02) mg per patch for AA MN and AA/PTP MN, 
respectively (n = 6).

HS tissue exhibited a thicker stratum corneum and a 
denser tissue structure compared to healthy skin. Con-
sequently, to effectively penetrate the HS and deliver the 
drug to the subcutaneous tissue, sufficient mechanical 
strength is essential. The mechanical strength was evalu-
ated using a texture analyzer. The MN loaded with AA/
PTP has a greater mechanical strength than the blank 
MN, as seen in Fig. 3D. The measured force reached 
nearly 20 N at a displacement of 640 μm (corresponding 
to 80% deformation), which far exceeded the mechani-
cal threshold required for skin penetration (0.1 N) [31]. 
These results demonstrated that the fabricated AA/PTP 
MN possessed sufficient mechanical properties to effec-
tively pierce the stratum corneum barrier without frac-
ture, thereby ensuring successful drug delivery.

The diffusion and release properties of drugs within the 
skin are directly influenced by the dissolution capacity of 
microneedles following skin penetration. As illustrated in 
Figure S1, both AA MN and AA/PTP MN completely dis-
solved within 10 min, facilitating subsequent drug diffu-
sion into the skin tissue. The dissolution rate of AA/PTP 
MN in skin was inversely proportional to the HA concen-
tration, with 10% HA MN dissolving completely within 
2  min, while patches with 25% and 30% HA retained 
undissolved structures after 5 min (Figure S2). The sus-
tained dissolution profile of HA-based microneedles in 
the skin prolongs drug retention at the target site, cre-
ating an optimal time window for ROS-responsive drug 
release. Furthermore, a high concentration of HA (such 

as 30%) provides the microneedle array with enhanced 
mechanical strength, ensuring structural integrity during 
skin insertion without fracture or bending, thereby guar-
anteeing reliable intradermal delivery. Therefore, 30% HA 
was selected as the optimal formulation.

To evaluate the safety profile of AA/PTP MN, the time-
dependent tissue response was assessed following appli-
cation to both rabbit ear HS tissue and SD rat abdominal 
skin. As shown in Figure S3A, the micropores on rabbit 
skin became less visible within 15 min. Figure S3B dem-
onstrates that no signs of infection, such as erythema or 
edema, were observed after daily application of AA/PTP 
MN to rat abdominal skin for seven consecutive days. 
Furthermore, the hemolysis rate of rabbit red blood cells 
remained below 5% even at AA/PTP MN concentrations 
as high as 0.25 mM (Fig. 3F), indicating the excellent in 
vitro biocompatibility of AA/PTP MN.

Transdermal delivery
To evaluate the efficacy of AA/PTP MN in delivering 
drugs into HS tissue, the fluorescence distribution in 
rabbit ears was monitored after transdermal administra-
tion of C6-labeled microneedles (Fig. 3G). Owing to the 
dense epidermal structure of HS, the green fluorescence 
in the C6/PTP group was primarily restricted to the epi-
dermis, with only minimal penetration into the dermis. 
In contrast, the C6/PTP MN group exhibited puncture 
marks in the epidermal layer, accompanied by noticeably 
increased fluorescence levels in both the epidermal and 
dermal regions, suggesting that the microneedles suc-
cessfully penetrated the epidermal barrier, enabling the 
delivery of C6/PTP into the dermis of the HS, where they 
subsequently diffused. To quantify the penetration depth 
of AA/PTP MN, OCT was employed for real-time visu-
alization in a rabbit ear HS model (Fig.  3H). The OCT 
images confirmed the formation of microchannels with 
a depth of approximately 800  μm, corresponding to the 
MN height. These channels narrowed after 10  min and 
remained visible in the epidermis at 30  min. The MN 
maintained its structural integrity without fracture dur-
ing insertion, demonstrating sufficient rigidity.

Proliferation Inhibition and in vitro apoptosis of AA/PTP
Numerous malignant features of HS, including increased 
proliferation and excessive collagen deposition, were 
observed in HSFb. Consequently, inhibiting HSFb pro-
liferation represents a promising therapeutic strategy 
for HS. To evaluate this, the CCK-8 assay was employed 
(Fig. 4A). Following incubation with free AA at concen-
trations ranging from 2 to 100 µM, a gradual decline in 
cell viability was observed. In contrast, AA/PTP exhib-
ited varying degrees of concentration-dependent cyto-
toxicity. At concentrations below 10 µM, no obvious 
reduction in cell viability (> 90%) was noted, attributable 
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Fig. 3  Morphology, degradation and biocompatibility of AA/PTP MN patches. The morphology of the obtained MN patches characterized by (A) optical 
microscope and (B) FIB-SEM (scale bar = 500 μm, 300 μm, 200 μm, respectively). (C) The microstructure of the MN cross-section displays AA/PTP nanopar-
ticles (white arrows, scale bar = 10 μm, 2 μm, 500 nm, respectively). (D) Force-displacement curves of the MN patches. (E) 3D fluorescence scanning and 
reconstruction using CLSM (Red: rhodamine B; Green: C6). (F) Hemolysis rates of AA/PTP MN at various concentrations (n = 3). (G) Fluorescence image 
of rabbit ears after transdermal administration of C6/PTP and C6/PTP MN (scale bar = 200 and 50 μm, respectively). (H) OCT images of insertion depth in 
rabbit ears (scale bar = 200 μm)
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to the excellent biocompatibility of the formulations. 
However, a slight reduction (about 80%) was detected at 
20 µM, with significant cytotoxicity observed at higher 
concentrations. Similar results were obtained for Raw 
264.7 (Fig.  7A). The half-maximal inhibitory concentra-
tions (IC50) for AA and AA/PTP on HSFb were 1769 µg/
mL and 87.15 µg/mL, respectively, highlighting the mark-
edly enhanced proliferation-inhibiting effect of AA/PTP 
on fibroblasts. Furthermore, CCK8 assays of free AA and 
AA/PTP in normal human primary dermal fibroblasts 
(HDF) and the human immortalized keratinocyte cell 
line HaCaT were also performed (Figure S4A and Fig-
ure S5A). At 40 µM, the cell viability of HDF was greater 
than or close to 80%, indicating that the anti-proliferation 
effect of HDF was significantly reduced compared with 
that of HSFb. The viability of HaCaT cells treated with 
both free AA and AA/PTP remained above 80% across 
a concentration range of 2 to 100 µM, indicating low 

cytotoxicity and anti-proliferation effect. It is proved that 
AA/PTP has a selective inhibitory effect on scar-forming 
fibroblasts.

To further investigate the apoptotic effects of AA/PTP, 
flow cytometry was employed. The cytotoxic effect of 
AA/PTP was more pronounced at 10 µM, with cell viabil-
ity decreasing significantly to 82.6%, compared to 96.3% 
observed with free AA (Fig. 4B). Furthermore, the apop-
totic effect of AA/PTP on HSFb was primarily observed 
in the late apoptotic phase (Fig.  4C). Collectively, these 
data demonstrated that AA/PTP holds significant prom-
ise in scar therapy.

Cellular uptake of AA/PTP
It is well established that effective cellular internalization 
is critical for enabling drugs to exert their intracellular 
functions. To visualize these processes, C6 was employed 
to track the nanoparticles, while Lysotracker Red dye 

Fig. 4  Cellular internalization in HSFb. (A) Cytotoxicity of AA and AA/PTP in HSFb at varied concentrations by the CCK-8 assay. (B) Flow cytometry profiles 
and (C) quantitative evaluation of HSFb after incubation with AA or AA/PTP. (D) Representative fluorescence image of HSFb cultured for 0.5, 1, and 2 h with 
C6/PTP (green). DAPI (blue) and Lyso-Tracker Red (red) were used to stain the nuclei and lysosomes, respectively, scale bar = 100 μm. (E) Representative 
peak graph and (F) average fluorescence intensity in HSFb at various incubation durations performed by flow cytometry
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was used to label lysosomes. Under fluorescence micros-
copy, bright green fluorescence was observed follow-
ing incubation with C6/PTP. The fluorescence intensity 
increased progressively with extended incubation time, 
suggesting enhanced cellular uptake efficiency (Fig. 4D). 
Subsequently, flow cytometry was employed to quantita-
tively evaluate cellular uptake. As seen in Fig.  4E-F, the 
fluorescence signals of cells treated with C6/PTP demon-
strated a significant rightward shift in a time-dependent 
manner. Overall, these findings suggest that the prepared 
nanoparticles may substantially enhance the cellular 
uptake efficiency of drugs in HSFb.

In addition, we investigated the uptake characteristics 
of AA/PTP in Raw 264.7 cells, and the results (Figure 
S6A) showed that cellular uptake increased over time. 
The comparable fluorescence intensities observed at 30 
and 60  min indicated rapid internalization, with uptake 
approaching saturation within 30 min.

Anti-oxidative capacity of AA/PTP in vitro
Excessive ROS levels during wound healing can cause 
immune dysregulation and contribute to chronicity [32]. 
AA is a potent antioxidant substance that has been used 
to scavenge excess ROS in pathological conditions such 
as cardiac fibrosis and osteoporosis [33, 34]. In the pres-
ent study, we evaluated the anti-oxidative capacity of free 
AA and its ROS-responsive nanoparticle formulation 
(AA/PTP) in HSFb, HDF and HaCaT cells. The results 
showed a pronounced increase in green fluorescence fol-
lowing H₂O₂ stimulation, indicating successful induction 
of oxidative stress. Subsequent treatment with either free 
AA or AA/PTP significantly reduced intracellular ROS 
levels in all three cell lines (Fig. 5). Notably, AA/PTP 
exhibited a superior ROS-eliminating effect compared 
with free AA at equivalent concentrations. This enhanced 
performance can be attributed to the promoted cellular 
internalization of the nanoparticles, coupled with the 
subsequent ROS-responsive release of AA via TK bond 

Fig. 5  Intracellular ROS scavenging of the HSFb, HDF and HaCaT. (A) Representative images of intracellular ROS levels in HSFb, HDF, and HaCaT cells 
treated with AA or AA/PTP, as well as (B) quantitative plots
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cleavage. Importantly, under basal conditions (without 
H₂O₂), HSFb displayed higher initial fluorescence inten-
sity compared to HDF cells, directly validating abnor-
mally elevated intrinsic ROS in HS cells.

Cell migration assay
The inhibition on the migration of HSFb and macro-
phages was evaluated by wound scratch assay and tran-
swell methods, respectively. As shown in Fig. 6A-B, the 
WHR of the control group reached 40.6% at 12 h, and 
was almost covered at 24 h, indicating that the growth 
rate of HSFb was relatively fast. Given that excessive 
fibroblast proliferation and migration can lead to HS, 
it is important to inhibit the migration of HSFb. Figure 
6B showed that the WHR at AA treatment concentra-
tions of 5 µM and 10 µM for 24 h decreased to 68.8% and 
46.7% respectively. Meanwhile, the migration distance 
after AA/PTP treatment was further reduced, especially 
at 10 µM, where the WHR was only 21.1%. However, the 
inhibitory effect of AA/PTP on the migration of HDF 
and HaCaT cell lines was significantly attenuated, with a 
negligible impact on HaCaT proliferation (Figure S4, S5). 
These findings indicate that AA/PTP exerts a selective 
anti-proliferative effect on HSFb, with minimal impact on 
HDF and HaCaT cells, demonstrating favorable cell-type 
specificity. This characteristic helps minimize damage to 
surrounding normal skin during targeted treatment of 
HS. The selectivity of AA/PTP on HSFb over HDF and 
HaCaT cells may be attributed to its targeted inhibition 
of dysregulated signaling cascades (such as TGF-β, PI3K/

Akt) [35, 36] that are hyperactive in the pathological scar 
fibroblasts but remain quiescent in normal skin cells.

In addition, the transwell migration assay confirmed 
the inhibitory effects of AA and AA/PTP on the migra-
tion and infiltration of macrophages in the HS environ-
ment (Fig.  7B-C). Collectively, our results revealed that 
AA/PTP significantly inhibited fibroblast formation and 
macrophage migration to HS tissue, ultimately yielding a 
scarless outcome.

In vitro mRNA expressions of collagens
The mRNA expression levels of COL I, COL III and TGF-
β1 in HSFb are presented in Fig. 6C. Free AA inhibited 
collagen expression to some extent, with the inhibitory 
effect becoming more pronounced as its concentration 
increased. Notably, AA/PTP demonstrated a stronger 
inhibitory effect than free AA at lower concentrations, 
which may be attributed to the role of nanoparticles in 
promoting cellular internalization, thereby enhancing the 
suppression of fibrocyte activity.

Macrophage polarization and anti-inflammatory effects in 
vitro
Macrophages serve as pivotal regulators in HS tissue 
remodeling. The polarization of macrophages from the 
pro-inflammatory M1 to the anti-inflammatory M2 phe-
notype is essential for transitioning wound healing from 
the inflammatory phase to the regeneration phase. To 
investigate the effects of AA and AA/PTP on M1/M2 
polarization, flow cytometry was performed to analyze 
the phenotypic changes in M1 (labeled with CD86) and 

Fig. 6  Evaluation of migration activity and mRNA expression of HSFb. (A) Representative optical images showing the HSFb migrated toward the wound 
gap and (B) WHR in the scratch assay, scale bar = 200 μm. (C) The mRNA expression of COL I, COL III, and TGF-β1 was quantified by RT-PCR (n = 4)
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Fig. 7  Evaluation of cytotoxicity, inhibition of migration activity and mRNA expression of Raw264.7. (A) Cytotoxicity of AA and AA/PTP in Raw 264.7 at 
varied concentrations by the CCK-8 assay. (B) Transwell migration assay of macrophages and (C) semi-quantification by Image J. (D) The mRNA expres-
sions of Raw 264.7 cells quantified by RT-PCR (n = 4)
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M2 (labeled with CD206) macrophages before and after 
treatment. As shown in Figure S6B, treatment with AA 
and AA/PTP significantly reduced CD86 expression 
compared to the LPS-stimulated group (10 µM: 0.90 and 
0.78, respectively), whereas CD206 levels were slightly 
elevated (10 µM: 1.12 and 1.16, respectively). These 
results indicate that AA/PTP markedly suppresses M1 
macrophage polarization.

Sustained chronic inflammation may induce an excess 
of M1 macrophages, thereby exacerbating HS pathogen-
esis through pro-fibrotic signals [37]. As shown in Fig. 
7D, the mRNA levels of inflammation-related factors in 
Raw 264.7 were significantly up-regulated (TNF-α, IL-6, 
IL-1β, iNOS, COX-2) in the presence of LPS. After treat-
ment with AA and AA/PTP, the gene expression of these 
pro-inflammatory factors showed varying degrees of 
downregulation. Since all these markers are related to the 
M1 polarization of macrophages [38], these results also 
substantiate that AA and AA/PTP actively regulate the 
polarization of macrophages. Meanwhile, IL-10 plays an 
important role in inflammatory diseases, and its levels 

were significantly increased in the presence of AA and 
AA/PTP. Collectively, our results suggest that AA/PTP 
significantly suppresses M1 polarization of macrophages 
and has excellent anti-inflammatory effects. This may 
promote cell-mediated ECM remodeling and reshape the 
pathological microenvironment in HS.

Inhibitory efficacy of hypertrophic Scar in vivo
Similar to hypertrophic scars in humans, the rabbit ear’s 
full-thickness incision was characterized by excessive col-
lagen deposition with disorganized distribution, inflam-
mation, and vascularization [39]. Figure 8A displays the 
timeline of different stages throughout the experiment. 
The HS model was successfully established by day 21, 
and the HS tissues were harvested on day 42. Figure 8B 
depicts the appearance of the HS, characterized by dark 
red coloration and an elevated scar surface. However, 
the erythema and swelling of the scar were significantly 
reduced following treatment with AA/PTP MN, and the 
scar boundary appeared smoother and more blurred 
compared to the other groups. In contrast, the treatment 

Fig. 8  Evaluation of the therapeutic effect on the rabbit HS ear under different interventions. (A) Time nodes for different stages throughout the experi-
ment. (B) Representative photographs and closing traces of skin lesions from each group at different time intervals. (C) SEI value of different groups (n = 6)
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Fig. 9  Representative histological images of HS tissues stained by (A) H&E and (B) Masson after treatment with various preparations. (C) Immunofluores-
cence staining for COL I and III. Immunofluorescence staining for (D) Cytokeratin 6 (CK6) and (E) α-SMA. Scale bar = 1 mm, 100 μm, respectively
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effects of the blank MN and CA cream groups were lim-
ited, with the scar texture remaining notably red.

Next, the scar elevation index (SEI) was calculated to 
quantitatively assess the improvement of HS (Fig.  8C), 
as it was found to be positively correlated with HS for-
mation. Compared to normal skin, the HS in the model 
group was significantly thicker, and the SEI value 
increased to 2.8. After 21 days of treatment, the SEI 
decreased across all groups. The most notable reduc-
tion in SEI was observed in the HS + AA/PTP MN group, 
which reached 1.3, a value even lower than that of the 
HS + AA/PTP group (1.9, p < 0.01). In addition, no signifi-
cant difference was detected between the normal group 
and the AA/PTP MN group. Meanwhile, the SEI of the 
HS + Blank MN group decreased slightly, which may be 
attributed to the reparative effects of the hyaluronic acid 
substrate and the mechanical stimulation provided by the 
microneedles. These findings suggest that the therapeu-
tic efficacy of AA/PTP MN was mainly attributed to the 
accumulation and controlled release of AA/PTP at the 
HS site.

Histological and immunohistochemical analysis
As illustrated in Fig.  8A, the dermis of healthy skin 
appeared thin and well-defined, with neatly organized 
and loosely arranged collagen fibers and fibroblasts. 
In contrast, the epidermis and dermis of the HS group 
exhibited significant epithelialization, characterized by 
disorganized fibroblasts, irregular stratum corneum 
thickness, and a marked increase in inflammatory cell 
infiltration. Following treatment with AA/PTP MN, the 
epidermal thickness was significantly reduced to a level 
comparable to normal skin, the fibroblasts displayed a 
regular, parallel arrangement, and the collagen fibers 
were relatively loosely organized, collectively dem-
onstrating the effective remodeling of the scar tissue 
towards a healthy skin phenotype. However, some carti-
lage thickening persisted, likely resulting from the initial 
damage during the modeling process. In contrast, the 
thickness of HS tissue in the blank MN group showed 
only a slight reduction.

Masson’s trichrome staining and immunohistochemi-
cal staining were employed to assess excessive collagen 
deposition, a key indicator of HS formation. As depicted 
in Fig. 8B, the blue collagen fibers appeared abundant 
and disorganized in HS tissue, in contrast to the thin, 
sparse, and orderly arrangement observed in the dermis 
of healthy skin. After 21 days of treatment, the collagen 
fibers exhibited a more regular reorganization and a 
reduction in density. However, in the HS + Blank MN and 
HS + CA cream groups, a significant number of collagen 
fibers remained irregularly distributed. The therapeutic 
efficacy of the HS + AA/PTP MN group surpassed that of 
the HS + AA/PTP and HS + CA cream groups, likely due 

to complete penetration of the microneedle tips through 
the stratum corneum, enabling more efficient drug deliv-
ery into the dermal tissue without waste. Collagen fibers 
in the skin are predominantly composed of type I and 
type III, both of which are abnormally elevated in HS tis-
sues [40, 41]. It has been reported that AA can inhibit the 
expression of TGF-β1, reduce the expression of collagen 
I (COL I) and collagen III (COL III), thereby reducing 
collagen deposition and alleviating cardiac fibrosis [33]. 
Immunohistochemical analysis revealed that the levels of 
COL I and III in the HS model group were significantly 
higher than those in the normal group (Fig. 8C). How-
ever, these levels were effectively reduced in all treatment 
groups. The therapeutic effect of AA/PTP was further 
enhanced by incorporating microneedles. Collectively, 
these findings demonstrate that AA/PTP MN effectively 
reduces collagen deposition and inhibits the proliferation 
of abnormal fibroblasts.

Keratinocytes and myofibroblasts play a pathologi-
cally active role in HS progression. Cytokeratin 6 (CK6) 
serves as a marker of epidermal hyperproliferation, while 
α-smooth muscle actin (α-SMA) identifies activated 
myofibroblasts. As shown in Fig.  8D-E, the expression 
of both CK6 and α-SMA was significantly elevated in HS 
tissue compared to normal skin, indicating a persistently 
hyperactivated state of keratinocytes and myofibroblasts. 
Following treatment with AA/PTP MN patches, the 
expression of CK6 and α-SMA was effectively reduced, 
demonstrating normalized epidermal activation and sup-
pressed skin fibrosis, ultimately attenuating scar tissue 
hyperplasia.

Macrophage polarization and inflammatory cytokines in 
vivo
In a chronic wound environment, the accumulation 
of M1 macrophages sustains the continuous release of 
pro-inflammatory cytokines, including TNF-α, IL-1β, 
and IL-6, which perpetuate immune cell recruitment 
and drive hyperproliferation of both fibroblasts and 
keratinocytes. These processes collectively contribute 
to epidermal thickening accompanied by hyperkerato-
sis. Concurrent CD206 overexpression reflected strong 
profibrotic signaling, with M2 macrophages secret-
ing cytokines such as TGF-β1, which directly promote 
fibroblast-to-myofibroblast differentiation, leading to 
excessive collagen deposition and ECM disorganiza-
tion. Together, M1 and M2 macrophages maintain a del-
eterious inflammation-fibrosis cycle that exacerbates scar 
pathogenesis. In vitro migration assays confirmed that 
AA/PTP significantly inhibits macrophage migration and 
infiltration within a simulated scar microenvironment. 
To further assess the M1/M2 macrophage distribution 
in vivo, immunofluorescence staining was performed on 
rabbit ear HS tissues. As illustrated in Fig. 10B the model 
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group exhibited extensive macrophage infiltration in the 
HS tissue, with strong CD86 fluorescence intensity indi-
cating pronounced M1 macrophage accumulation and 
a persistent chronic inflammatory state. Macrophage 
infiltration was reduced across all treatment groups, 
with the most pronounced decrease observed in the AA/
PTP MN group, demonstrating effective suppression of 
pro-inflammatory signaling cascades. The simultane-
ous decrease in M2 macrophages indicated attenuation 
of pro-fibrotic signals and inhibition of fibroblast acti-
vation, ultimately shifting the HS microenvironment 
from chronic inflammation toward resolution and tissue 
homeostasis. These findings suggest that AA/PTP MN 

modulates inflammatory responses, thereby inhibiting 
the excessive proliferation of keratinocytes and fibro-
blasts, and ultimately promoting the restoration of the 
HS microenvironment.

The formation of HS is generally accompanied by 
inflammatory responses. IL-6 and IL-1β are important 
inflammatory factors that are known to stimulate the 
proliferation of fibroblasts and keratinocytes, result-
ing in epidermal thickening and exacerbating scar for-
mation [42]. Compared with the normal group, the HS 
model tissue exhibited excessive inflammation, with IL-6 
and IL-1β mRNA expression levels significantly elevated 
to 5.2 and 7.4, respectively (Fig. 10A). However, these 

Fig. 10  Macrophage polarization, inflammatory factors and ROS levels in HS tissues of rabbit ears. (A) The mRNA expressions in HS tissues (n = 6). (B) 
Immunofluorescence staining of CD68 and CD206 in HS tissues. (C) Immunofluorescence staining of DHE in HS tissues at different modeling processes 
and administration stages
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inflammatory factors were downregulated in the treat-
ment groups, with the AA/PTP MN treatment group 
showing the least inflammatory response, indicating that 
macrophage M1 polarization was significantly inhibited. 
Toll-like receptor 4 (TLR4), an innate immune receptor, 
plays a critical role in stimulating the secretion of inflam-
matory cytokines by activating the NF-κB signaling path-
way. As illustrated in Fig. 10A, TLR4 mRNA expression 
was markedly increased in the HS group but returned 
to normal levels following AA/PTP MN treatment. The 
therapeutic efficacy of the HS + AA/PTP MN group was 
significantly superior to that of the non-microneedle-
assisted group (p < 0.05), demonstrating that micronee-
dle-mediated delivery substantially enhanced the 
regulation of inflammatory factors by improving drug 
delivery efficiency. In addition, the anti-inflammatory 
effects observed in the HS + AA MN and HS + AA/PTP 
MN groups may be attributed to the downregulation of 
the TLR4/NF-κB pathway by AA, as previously reported 
[18], hence preventing the release of pro-inflammatory 
mediators, including IL-6 and IL-1β. Building upon the 
above findings, it can be inferred that AA/PTP further 
controls the excessive proliferation of keratinocytes and 
fibroblasts, ultimately reshaping the pathological micro-
environment of HS.

Anti-oxidative effect in vivo
The in vivo ROS changes in rabbit ear tissues during HS 
modeling and the AA/PTP MN administration process 
were evaluated using dihydroethidium (DHE) staining. 
As shown in Fig. 10C, strong fluorescence was observed 
at day 14 post-modeling (one week after eschar removal), 
indicating that the ROS level of scar tissue was the high-
est in this period. This might be related to the incomplete 
healing of secondary trauma at the wound stage. By day 
21, when the wound had fully healed and hypertrophic 
tissue had begun to form, ROS intensity had decreased 
slightly but remained substantially higher than in nor-
mal tissue. Throughout this process, continuous ROS 
production by myofibroblasts and chronic inflammatory 
infiltration collectively sustain an oxidative stress state, 
which consequently leads to excessive collagen deposi-
tion and scar hyperplasia. Treatment with AA/PTP MN 
progressively reduced the ROS levels, correlating with 
observed scar remission. Taken together, these findings 
from release kinetics (Fig. 2E), cellular assays (Fig. 5), and 
in vivo evaluation (Fig.  10C) provide a robust demon-
stration that AA/PTP MN effectively modulated the HS 
pathological microenvironment through reactive drug 
release in regions with high ROS concentrations and effi-
cient ROS scavenging.

Collagen remodeling in HS tissue
The inhibition of scar-related mRNA expression serves 
as a further indicator of the therapeutic effect of HS and 
was assessed using RT-PCR. As illustrated in Fig. 11A, 
the mRNA levels of COL I and III in rabbit ear tissues 
across all groups corroborated the findings from Mas-
son’s trichrome staining and immunohistochemical 
staining (Figs. 8B-C). TGF-β1 is known to enhance myo-
fibroblast differentiation and stimulate collagen synthesis 
[43]. Notably, the TGF-β1 mRNA level in HS tissue was 
significantly elevated, reaching levels four times higher 
than those in the normal group, indicating that the HS 
tissue remained in an active state. In contrast, HS tissues 
subjected to various treatments showed reduced mRNA 
expression levels. Specifically, the HS + AA/PTP group, 
HS + AA MN group, and HS + AA/PTP MN group 
showed a marked decline in mRNA expression. The HS + 
AA/PTP MN group, in particular, demonstrated mRNA 
levels that returned to baseline (compared to the HS 
group, p < 0.0001; compared to the normal group, n.s.), 
suggesting that the AA/PTP MN patches could effec-
tively inhibit excessive fibroblast production, thereby 
preventing scar formation. The differential outcomes 
observed between the HS + AA MN group and the HS 
+ AA/PTP MN group can be attributed to the design of 
AA/PTP in this study, which facilitated enhanced uptake 
by HS cells. This design improved the retention of AA 
within HS tissues and ultimately enhanced treatment effi-
cacy (p < 0.01).

To further investigate the suppressive effects of AA/
PTP MN, the protein expression levels of TGF-β1 and 
COL I were assessed using Western blotting. As shown 
in Fig.  8F, G and a considerable increase in the expres-
sion of TGF-β1 and COL I was observed in HS tissues 
compared to normal skin (p < 0.001). In addition, the 
expression of these proteins in the HS + Blank MN group 
was comparable to that in the HS model group, indicat-
ing that the blank MN had minimal impact on HS treat-
ment. However, following treatment with AA/PTP, AA 
MN, and AA/PTP MN, the levels of TGF-β1 and COL 
I were significantly reduced (p < 0.01 or 0.001), with the 
most pronounced decrease observed in the HS + AA/
PTP MN group (p < 0.001). The microneedle-assisted 
group (HS + AA/PTP MN group) demonstrated superior 
efficacy compared to the HA + AA/PTP group (p < 0.01), 
suggesting that the application of AA/PTP MN dramati-
cally promoted collagen rearrangement and improved 
HS treatment outcomes. In addition, significant differ-
ences in TGF-β1 and COL I protein levels were observed 
between the HS + AA/PTP MN and the HS + CA 
Cream groups (p < 0.01 or 0.001). Moreover, no signifi-
cant differences were detected between the HS + AA/
PTP MN group and the normal group, highlighting the 
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considerable clinical potential of AA/PTP MN for the 
treatment of hypertrophic scars.

RNA sequencing analysis of AA/PTP MN on HS treatment
RNA sequencing was conducted on total RNA isolated 
from rabbit ear scar tissues. A boxplot demonstrated the 
global consistency of gene distribution across all samples 

Fig. 11  Collagen expression and the gene distribution and pathway enrichment analysis in the rabbit ear HS model (n = 3). (A) The mRNA expressions 
in HS tissues (n = 6). (B) Western blotting of TGF-β1 and COL I in HS tissues. (C) Semiquantitative statistics of protein levels. (D) Volcano plots representing 
the DEGs of the HS + AA/PTP MN group against the HS group. (E) KEGG pathway enrichment analysis based on the down-regulated genes in AA/PTP MN 
treatment rabbit relative to the HS model rabbit. (F) Heat map of down-regulated genes involved in ECM-receptor interaction in rabbit HS models with 
AA/PTP MN treatment (fold change ≥ 1.5, p < 0.05). (G) The significantly enriched cellular components of Gene Ontology (GO) terms between HS + AA/
PTP MN and HS groups. (H) KEGG pathway network of down-regulated genes involved in the ECM matrix pathway
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(Figure S7A). Volcano plots revealed 80 down-regulated 
and 133 up-regulated DEGs between the HS and normal 
groups (Figure S7B). In contrast, the HS group treated 
with AA/PTP MN exhibited 317 down-regulated genes 
and 10 up-regulated genes (Fig. 11D). KEGG pathway 
analysis of the DEGs indicated that ECM-receptor inter-
actions and cell adhesion molecules play a significant 
role in scar formation (Figure S7C). Notably, these two 
pathways were also enriched among the down-regulated 
genes following AA/PTP MN treatment, suggesting 
that the therapeutic effect is primarily associated with 
reduced fibroblast mechanical transduction and ECM 
deposition (Fig. 11E). In addition, the drug-loaded MN 
treatment modulated the PI-3 K/Akt signaling pathway 
and NF-κB signaling pathway, which were closely related 
to the abnormal proliferation and migration of keratino-
cytes and the expression of inflammatory factors, respec-
tively [44]. In summary, the therapeutic mechanism of 
AA/PTP MN appears to be significantly influenced by its 
effects on the migration and proliferation of fibroblasts 
and keratinocytes, as well as its regulation of inflamma-
tory factors.

Further analysis revealed downregulation of multiple 
genes associated with scar formation following AA/PTP 
MN treatment, including COL1A1, COL6A2, COL6A6, 
TNN, ITGA8, ITGA9, RELN, TNC, THBS2, THBS4, and 
VWF (Fig. 11H). These genes were associated with extra-
cellular regions (Fig. 11F), and were closely related to the 
ECM deposition, focal adhesion, the PI3K-Akt signal-
ing pathway, and human papillomavirus infection (Fig. 
11G). These results also confirmed that the therapeutic 
effect of AA/PTP MN was closely related to the regula-
tion of fibroblasts, keratinocytes and inflammatory fac-
tors [45–51]. In conclusion, the degradation of AA/PTP 
MN enhanced cell-cell and cell-matrix interactions, 
influenced the migration of keratinocytes and fibroblasts, 
suppressed the NF-κB inflammatory pathway, and ulti-
mately reduced collagen proliferation, thereby contribut-
ing to the treatment of HS.

Conclusions
In this study, a microneedle-mediated transdermal drug 
delivery platform (AA/PTP MN) was constructed in 
a minimally invasive and painless manner, providing a 
safe, convenient, and effective therapeutic strategy for 
the long-term treatment of HS. The encapsulated AA/
PTP demonstrated enhanced uptake in HSFb, prolonged 
drug retention time in HS tissue, and achieved respon-
sive release of ROS within the microenvironment. The 
fabricated AA/PTP MN successfully penetrated the rab-
bit ear HS model and exhibited localized therapeutic 
effects, as confirmed by histological analysis, RT-PCR, 
RNA sequencing, and Western blotting. Furthermore, we 
demonstrated that the drug-loaded MN could regulate 

collagen fiber deposition and reconstruct the pathological 
microenvironment in HS by inhibiting the abnormal pro-
liferation of fibroblasts and keratinocytes, reducing ROS 
and the inflammatory response, and thereby enhancing 
therapeutic efficacy. The nano-micro platform developed 
in this study presents a promising alternative strategy to 
improve the transdermal delivery of poorly water-soluble 
drugs and advance therapies for skin diseases.
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