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Abstract

Hemangioma of infancy is the most common vascular tumor during infancy and childhood. Despite the proven
efficacy of propranolol treatment, certain patients still encounter resistance or face recurrence. The need for frequent
daily medication also poses challenges to patient adherence. Bleomycin (BLM) has demonstrated effectiveness
against vascular anomalies, yet its use is limited by dose-related complications. Addressing this, this study proposes

a novel approach for treating hemangiomas using BLM-loaded hyaluronic acid (HA)-based microneedle (MN) patches.
BLM is encapsulated during the synthesis of polylactic acid (PLA) microspheres (MPs). The successful preparation

of PLA MPs and MN patches is confirmed through scanning electron microscopy (SEM) images. The HA microneedles
dissolve rapidly upon skin insertion, releasing BLM@PLA MPs. These MPs gradually degrade within 28 days, providing

a sustained release of BLM. Comprehensive safety assessments, including cell viability, hemolysis ratio, and intrader-
mal reactions in rabbits, validate the safety of MN patches. The BLM@PLA-MNs exhibit an effective inhibitory efficiency
against hemangioma formation in a murine hemangioma model. Of significant importance, RNA-seq analysis reveals
that BLM@PLA-MNs exert their inhibitory effect on hemangiomas by regulating the P53 pathway. In summary, BLM@
PLA-MNs emerge as a promising clinical candidate for the effective treatment of hemangiomas.
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Introduction

Hemangioma of infancy is the most prevalent vascular
tumor and the most common benign neoplasm during
infancy and childhood, with historical incidence rates
ranging from 2 to 10% and an overall prevalence of 4.5%
[1]. Hemangiomas are categorized as infantile or con-
genital. Infantile hemangiomas (IHs) are characterized by
rapid postnatal proliferation lasting for 3—6 months, fol-
lowed by slow regression over years [2]. However, about
10-15% of larger hemangiomas or those in specific loca-
tions, such as the head, neck, perineal, and anal regions,
may lead to complications like ulceration, disfigurement,
or obstruction during the proliferative stage [3]. Unlike
IHs, which typically enlarge after birth and then invo-
lute, congenital hemangiomas (CHs) proliferate in utero
and are fully developed at birth. Three major subtypes of
CHs are defined: rapidly involuting congenital heman-
gioma (RICH) [4], noninvoluting congenital hemangioma
(NICH) [5] and partially involuting congenital heman-
gioma (PICH) [6]. RICH undergoes complete involution
within the initial 6 to 14 months whereas NICH expands
in proportion to the child’s growth without regression.
And PICH regresses incompletely and then stabilizes.
CHs may exhibit persistent ulceration, hemodynamic
instability, and thrombocytopenia [7]. Hence, besides
hemangiomas that naturally regress, active treatments
are necessary for hemangiomas that do not regress and
are accompanied by complications.

Currently, three primary treatment methods exist for
hemangiomas: medication, laser therapy, and surgery
[8]. Laser therapy and surgery, although effective, come
with a relatively high cost and may not be suitable for
every patient. Consequently, non-invasive, cost-effec-
tive, and convenient oral medications have become the
preferred choice since 2008. Propranolol, a nonselective
beta-blocker, has emerged as the first-line therapy for
complicated infantile hemangiomas [9]. Notably, Heman-
geol (propranolol hydrochloride oral solution) stands
out as the only FDA-approved drug with proven safety
and efficacy for treating infantile hemangiomas [10, 11].
However, potential adverse effects of Hemangeol include
sleep disorders and aggravated respiratory tract infec-
tions [12]. The requirement for twice-daily oral adminis-
tration may also reduce patient adherence. Additionally,
0.9% of reported cases were resistant to propranolol, and
18% experienced recurrence after ceasing oral drugs [13].
Meanwhile, timolol maleate has also been widely studied
for topical application for IH treatment due to the com-
mercial availability of timolol ophthalmic drops. For both
propranolol and timolol, topical treatment is typically
applied multiple times a day, which can reduce adherence
to therapy [14, 15].

Page 2 of 14

Bleomycin (BLM), a chemotherapy agent that inhib-
its DNA synthesis, is gaining increased prominence in
sclerotherapy for patients with vascular anomalies [16].
Our team has reported the effectiveness of intralesional
bleomycin injection in treating hemangiomas resistant
to propranolol [17]. However, the repeated use of BLM
is associated with potential dose-related complications,
such as pneumonitis and pulmonary fibrosis, significantly
limiting its practical application [18, 19]. In contrast,
topical dermal application of BLM is considered a more
favorable option for treating superficial hemangiomas.
This method minimizes undesirable effects compared to
oral administration, as it can achieve a high concentra-
tion of the drug locally while reducing systemic expo-
sure. Despite these advantages, the transdermal transport
efficiency of most drugs is hindered by the stratum cor-
neum, leading to unsatisfactory therapeutic effects in
the majority of cases [20, 21]. Consequently, there is an
urgent need to develop effective strategies to improve the
efficiency of topical drug delivery.

Microneedle (MN) patches, which are topical transder-
mal drug delivery systems consisting of arrays of microm-
eter-sized needles and substrates, have seen significant
development in recent years [22, 23]. These microneedles
create transport pathways through the skin’s stratum cor-
neum to deliver various therapeutic molecules [24, 25].
Various materials have been designed for MN patches
recently [26]. Non-degradable MN structures generally
exhibit excellent mechanical properties, ensuring the
structural integrity of MNs during use [27]. However,
the release of the active pharmaceutical ingredient (API)
from non-degradable MNs can continue for several days
or even weeks, making long-term wear inconvenient and
aesthetically displeasing [24]. Therefore, rapidly biode-
gradable (dissolvable) MN patches may be more suitable
for treating hemangiomas. Additionally, the customiz-
ability of microneedle size, including the patch size and
the height of the tips, can meet the specific needs of indi-
vidual patients in clinical applications.

Hyaluronic acid (HA), a widely used water-soluble bio-
macromolecule, exhibits excellent biocompatibility [28].
HA-based MNs achieve rapid drug delivery by separat-
ing the needles from the base [29, 30] and regulating
the amount of drug released by controlling the loading
capacity of the drug, leaving no poisonous residue after
insertion [31]. However, simple HA-based MN patches
dissolve too rapidly upon injection into the skin [32],
resulting in swift metabolization and release of the APL
This necessitates frequent usage within a short time-
frame, elevating the risk of bacterial infection [33]. Thus,
extending the drug release time with the shortest use of
microneedle patches is a key consideration.
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Polylactic acid (PLA), one of the most promising bio-
degradable polymers, is derived from renewable natural
plants such as corn, wheat, rice, and sugar cane [34, 35].
It can be degraded into water and carbon dioxide in vitro
or low molecular weight PLA and innocuous lactic acid
in vivo. PLA microspheres have been used for the deliv-
ery of different drugs, including small molecule drugs,
polymers, and proteins. With the increasing demand for
eco-friendly polymeric materials in the biomedical field,
such as implantable biomaterials and medicine packages,
PLA has become one of the most promising alternatives
(36, 37].

To develop a more efficient therapy for treating heman-
giomas, we propose a simple strategy for synthesizing
BLM-loaded HA-based MN patches. BLM was encapsu-
lated during the synthesis of PLA microspheres (MPs).
The successful preparation of PLA MPs and MN patches
was confirmed through scanning electron microscopy
(SEM) images. Furthermore, we investigated the in vitro
release profile of BLM from PLA MPs. The safety of the
MN patches was comprehensively validated through
assessments of cell viability, hemolysis ratio, and irrita-
tion and skin sensitization tests on rabbits. Subsequently,
we established a murine hemangioma model and dem-
onstrated the inhibitory effect of BLM@PLA-loaded
MN patches on hemangiomas by modulating the P53
pathway.

Materials and methods

Materials

HA (Mw: 90,000) was purchased from MEILUNE
Biomed. PLA, Bleomycin and polyethylene glycol were
obtained from Macklin. CHCl; were purchased from
Sigma-Aldrich. Deionized water was used throughout
all the experiments. Polydimethylsiloxane (PDMS) mas-
ter molds of MNs (320 um base diameter, 830 pm height,
and 20X 20 arrays with 650 pum tip-tip spacing) were pro-
vided by Taizhou Microchip Pharmaceutical Technology
Co., Ltd, China.

Characterization

The hemoglobin release was recorded by the OD values
at 576 nm tested by the Eon microplate spectrophotom-
eters (Bio Tek Instruments, Inc.). Thermogravimetric
Analysis (TGA) was performed on TGA 4000 (Perkin
Elmer Co., Ltd) with the temperature ranged from 30
to 800 °C under N, at a heating rate of 10 °C min™". The
SEM images were examined by ZEISS Gemini 300 fit-
ted with Oxford Xplore EDS detector. The TEM images
were examined by JEOL2100F fitted with JED2300 EDS
detector. Fourier transform infrared (FT-IR) spectra of
the patches were recorded by a Thermo-Scientific Nico-
let 6700 FT-IR spectrometer (4000400 cm™!). X-ray
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Photoelectron Spectroscopy (XPS) measurements were
recorded on Thermo-Scientific K-Alpha with Al Ka
radiation. UV-visible spectroscopy was tested with SHI-
MADZU UV-3600i Plus.

Synthesis of PLA and BLM@PLA MPs

The PLA MPs were synthesized as the previous work
reported [38]. Blank PLA MPs were prepared through
emulsion solvent evaporation method as shown in
Fig. 1. PLLA (5 g) particles and Polyvinyl Alcohol (PVA)
were dissolved in CHCIl; (100 mL) and deionized water
(100 mL) respectively. The PLLA solution was then
added to aqueous PVA solution under magnetic stirring
at a rotation speed of 900 rpm. The emulsion was stirred
continuously overnight until the CHCI, evaporated com-
pletely. Afterwards, the mixed emulsion was filtrated
with a double-layer sieve mesh (pore diameters were
7.5 pum and 5 pm respectively) and washed by deionized
water to remove the residual PVA. The PLA MPs which
remained between the sieve mesh were freeze-dried and
collected for further use.

The BLM@PLA MPs were prepared via one-step syn-
thesis by mixing BLM (3 mg) to the PVA solution in the
first step of synthesizing PLA MPs and followed the simi-
lar process with PLA MPs.

Preparation of HA-based MN patches

A customized PDMS master mold of MNs (320 pum base
diameter, 830 pm height, and 20 % 20 arrays with 650 pm
tip-tip spacing) was used to fabricate MN patches. The
HA aqueous solution (5 wt%, 1 mL) and BLM (30 mg),
PLA MPs (30 mg) or BLM@PLA MPs (30 mg) were
ultrasonicated for 30 min and subsequently cast into the
PDMS mold until just filling up the all cavities. After-
wards, the mold filled with solution was degassed by
vacuum oven for 30 min at room temperature, and the
mold was air-dried overnight at room temperature for
complete drying and the processes repeated for 3 times
to fully fill all cavities. And then place the mold in dry
environment for further use. Finally, additional 2 mL HA
aqueous was cast into the mentioned mold above gradu-
ally, and the mold was placed for further air-drying for
24 h, after which the patch was carefully peeled from the
mold and stored in a desiccator until use. Specifically,
BLM, PLA and BLM@PLA MPs loaded MN patches
were denoted as BLM-MNs, PLA-MNs and BLM@PLA-
MN:ss respectively.

Loading efficiency of BLM in PLA MPs

The loading capacity of BLM could be calculated via
thermo-gravimetric analysis curves of PLA and BLM@
PLA MPs. Specifically, after heating 5 mg of BLM, PLA
and BLM@PLA MPs from 30 to 800 °C respectively
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Fig. 1 Schematic of BLM@PLA MPs loaded MN patches controlling drug release and treating hemangiomas. a The preparation process of MN
patches. b The fabrication process of BLM@PLA MPs. ¢ The illustration of the BLM release process. The right insert presents the internal environment
of BLM@PLA MPs. d Internal structure diagram of MPs. e The degradation process of MPs in subcutaneous tissue. f The entire process of applying

BLM@PLA-MNs to treat hemangiomas

(heating rate: 10 °C min "), the BLM content in BLM@
PLA could be accurately calculated with the remaining
residue. The detailed formula of drug loading efficiency
was presented as follows (A, B and C represent as PLA,
BLM@PLA and BLM respectively):

A — B
BLM loading rate (%) = residual rate residual rate % 100%

Aresidual rate — Cresidual rate

In vivo intradermal irritation experiment

All procedures followed were in accordance with the
Declaration of Helsinki. All procedures were reviewed
and approved by Shanghai Ninth People’s Hospital
Central Lab IACUC (Permit Number: SYXK (Shanghai)
2016-0016), and all experiments conformed to the rel-
evant regulatory standards. New zealand white rabbit
(2.5-3.5 kg) were purchased from the Shanghai JieSi-
Jie Laboratory Animal Co.Ltd and housed according to
ISO 10993-2 regulations.

In this experiment, samples(HA-MN/PLA-MN/
BLM-MN/BLM@PLA-MN) were extracted using 0.9%
saline solution (polar) and sesame oil (Non-polar) at
37 °C, 60 rpm constant temperature shaking incuba-
tor for 72 h. Negative control solution was prepared
under the same conditions. Eighteen hours before the
experiment, thoroughly remove the fur from both sides
of the animal’s spine on the back. On the day of the
experiment, 0.2 mL of the polar extracts prepared with
0.9% saline were injected intradermally at five points
on one side of the rabbit’s spine. On the other side of
the spine, polar solvent control (0.9% saline) solution
was injected. The non-polar extract and the non-polar
control solution were handled in the same manner.
The erythema, edema, and necrosis of injection sites
were observed and recorded immediately, at (24 +2) h,
(48 £2) h, and (72 +2) h after the injections. The dorsal
skin of rabbit was excised for histological examination.
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Cell separation and culture

Three patients diagnosed with NICH were enrolled in
the study. Specimens of these individuals were collected
through surgical treatment at the Shanghai Ninth Peo-
ple’s Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, China). The study was approved
by the Institutional Medical Ethical Review Board of
Shanghai Ninth People’s Hospital. Informed consent was
provided for the specimens, according to the Declara-
tion of Helsinki. The clinical diagnosis was confirmed by
both the Department of Pathology and the Department
of Plastic and Reconstructive Surgery at Shanghai Ninth
People’s Hospital. Detailed patient information is pro-
vided in Supplementary Table S1.

Vascular endothelial cells were isolated from specimen
of congenital hemangioma. The tissue was digested with
0.2% collagenase I (Roche Diagnostics, Indianapolis, IN).
The tissue homogenate was filtered through a 70-um cell
strainer (Fisher Scientific, Hampton, NH). Red blood
cells (RBCs) were lysed using Red Blood Cell Lysis Buffer
(C3702,Beyotime). Then, centrifuge at 300g for 10 min,
discard the supernatant. Resuspend cells in pre-chilled
PBS. Resuspend cells in 100 pL buffer for every 107 cells.
Vascular endothelial cell of congenital hemangioma
selected using anti-CD31-coated magnetic beads (Milte-
nyi Biotec, Germany). CD31-selected cells were cultured
in Endothelial Cell Growth Medium-2 (C-22011, Pro-
moCell) with 10% fetal bovine serum and 1% antibiotics.
All cells were incubated at 37 °C in a carbon dioxide incu-
bator set at 5%.

In vivo murine model of congenital hemangioma

Six-week-old female nude mice were obtained from
Shanghai JieSiJie Laboratory Animal Co.Ltd. The mice
were anesthetized by 2% chloral hydrate (0.004 mL/g)
and an ABS rodent anesthesia machine (Yuyan Cor-
poration, Shanghai, China). The vascular endothe-
lial cells were (1x10°) were suspended in 100 uL of 1:1
PBS and Matrigel TM (BD Bioscience) and subcutane-
ously injected into the right flank of 6-week-old female
nude mice (n=3 per group). Mice were subjected to
MN patches treatment starting 2 weeks after cell injec-
tion. The Matrigel implants were collected 4 weeks after
MN patches treatment. All mice were euthanized after
implants collection. These transplants were collected for
H&E, immunohistochemistry (IHC) and immunofluo-
rescence (IF). The microvascular density was measured
using a previously described technique [39], Microvas-
cular counting was performed within the same field
at a magnification of 200x(0.74 mm?). Subsequently,
the number of microvessels per 1 mm? was calcu-
lated and referred to as "microvascular density (counts/
mm?)."For IHC and IF, five images in the slides were
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randomly selected from each group and captured under
microscopy.

RNA-based next-generation sequencing (RNA-seq)

Total RNA of vascular endothelial cells of hemangiomas
treated with bleomycin or PBS 24 h was purified using
RNeasy mini kit (Qiangen, Germany). The preparation
of the complementary DNA library and sequencing fol-
lowed the standard protocol provided by Illumina. For
the analysis of differential gene expression, the edgeR
package was employed. Genes with an absolute log2 fold
change greater than 1 and a g-value less than 0.05 were
considered significantly modulated and retained for fur-
ther analysis. Pathway analysis was performed using
Gene Set Enrichment Analysis (v3.0). (SRP472027).

Statistical analysis

Analyses were performed by GraphPad 7.0 software.
Data are presented as mean + standard error of the mean
(S.E.M.). Unpaired two tailed Student’s t-test and one-
way ANOVA were utilized as appropriate. No samples,
mice or data points were excluded from the analyses. For
all analyses, results were considered statistically signifi-
cant with *p <0.05, **p <0.01, ***p <0.001.

Results and discussion

Design and fabrication of BLM@PLA-MNs

In order to meet clinical requirements for treating
hemangiomas, we designed and developed a drug deliv-
ery system that combines rapid drug administration with
slow release. Hyaluronic acid was chosen to prepare the
microneedles due to its excellent biocompatibility and
water solubility (Fig. 1a). BLM is encapsulated in PLA
MPs and delivered subcutaneously via microneedles for
drug release (Fig. 1b—e).

The schematic diagram illustrating the effect of heman-
gioma treatment is shown in Fig. 1f. The internal envi-
ronment of BLM@PLA MPs is presented in Fig. 1d. After
removing the patches from the mold, they are attached
to the nude mouse lesion. Following 10 min of subcuta-
neous insertion, the MN substrate is removed, and the
MPs are rapidly released to the lesion along with the tips
degrading. Subsequently, BLM is slowly released topi-
cally from PLA MPs, facilitating long-term inhibition and
treatment of hemangiomas over a 28-day period (Fig. le
and f). Compared with the direct subcutaneous release of
BLM, this strategy can maintain therapeutic effects for a
more extended period. Additionally, the rapid separation
of MN tips from substrates reduces the negative impact
of long-term wearing of microneedle patches on patients’
daily lives.
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Fig. 2 Characterization of PLA MPs and MN patches. a TEM images of PLA and BLM@PLA MPs, along with EDS analysis of MPs. b XPS spectrogram
and high-resolution spectra of N1s of PLA and BLM@PLA. ¢ Thermo-Gravimetric Analysis of PLA and BLM@PLA MPs. d Optical photography, SEM
image, and microscopy image (inserts) of BLM@PLA-MNs. e The schematic diagram of the assembled flexible adhesive bandage and its actual

wearing

Synthesis and characterization of PLA and BLM@PLA-MNs
Polylactic acid (PLA) exhibits excellent biocompatibil-
ity and degradability. In comparison with HA, its deg-
radation rate is relatively slow, ensuring the long-term
subcutaneous release of BLM. Moreover, PLA MPs can
be prepared under relatively mild conditions, facilitat-
ing drug loading without compromising the bioactivity
of BLM. BLM@PLA was prepared using an in-situ drug
encapsulation method.

TEM images revealed the morphology, particle sizes,
and regular spherical shape of PLA MPs. The shape and
size of the MPs were maintained even when BLM was
encapsulated within them (Fig. 2a). Chemical analysis
conducted via energy dispersive X-ray spectrometry
(EDS) showed the presence of C, N, O, S, and Cl ele-
ments in both PLA and BLM@PLA (Fig. 2a, Figs. S1 and
S2). Compared with PLA MPs, the N element content
of BLM@PLA MPs increased dramatically (from 0.20%

to 0.73%), suggesting the successful encapsulation
of BLM in PLA MPs. Additionally, S and Cl elements
were not detected in PLA MPs, while their contents in
BLM@PLA were 1.61% and 0.01%, respectively, due to
the loading of BLM. It’s worth noting that the C and O
element content changed to a certain degree after BLM
was encapsulated (from 73.40% to 52.05% and 26.40%
to 45.60%, respectively). This change can be attributed
to the distinct proportions of C and O in BLM and
PLA. Similar results were observed in the XPS spec-
trogram of MPs (Fig. 2b). The peak at 395-405 eV cor-
responded to the N element. The change in N element
content was consistent with the EDS analyses, further
confirming the successful encapsulation of BLM. Sub-
sequently, the high-resolution (HR) spectra of N1s were
analyzed by differentiating and fitting different peaks
at the binding energies of 399.4, 401.0, and 401.8 eV,
attributed to nitrogen atoms on the —-C—NR2 (R=C/H),



Sun et al. Journal of Nanobiotechnology (2024) 22:372

nitrogen atoms of heterocyclic amines, and -N—-(C=0),
respectively. Similarly, the S and Cl elements of MPs
increased significantly after loading BLM (Fig. S3).

The loading efficiency of BLM was preliminar-
ily investigated via UV-Vis spectrogram of BLM in
an aqueous solution (Fig. S4). The characteristic peak
of BLM apparently decreased after encapsulation.
The thermal stabilities of BLM and MPs were meas-
ured under a nitrogen atmosphere at a heating rate of
10 °C min™! (Fig. 2c). The degradative weight loss of
BLM occurred at approximately 227.0 C, well beyond
the temperature range for synthesizing BLM@PLA.
While the degradation temperature of BLM@PLA MPs
slightly decreased compared to PLA MPs due to BLM
decomposition, the residue rates for PLA, BLM@PLA,
and BLM were 1.43%, 1.87%, and 14.76%, respectively,
with a 0.43% weight loss difference between the two
MPs. Thus, the drug loading rate of BLM can be calcu-
lated as 3.29 wt % according to the formula mentioned
above. These results above indicate the successful syn-
thesis of BLM@PLA-MN:s.

Fabrication and characterization of MN patches
The MN patches were prepared using a two-step method.
Optical photography revealed that the synthesized MN
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patches were colorless and transparent (Fig. 2d). SEM,
optical microscopy, and fluorescent microscope images
of the patches showed that all needles had a pyrami-
dal shape, with approximately 320 pum sides at the base,
830 pum in height, and a tip-to-tip spacing of about
650 pum (Fig. 2d and insert, Fig. S5). The surfaces of the
needles and substrate were uniform and smooth. The
cross-section of the tips was proven to be porous via
SEM images. To further illustrate the clinical use of MN
patches, we assembled a flexible adhesive bandage with
the cohesive bandage and MN patches. The practical
wearing diagram was exhibited in Fig. 2e. The adhesive
bandage was flexible and easy to tear off from the skin
surface, demonstrating its potential practical clinical
application.

The chemical structures of the fabricated MN patches
were characterized by FT-IR spectroscopy (Fig. 3a).
The absorption peaks of all PLA MPs at 756 cm™! were
assigned to the methyl group of PLA. The characteristic
peaks of BLM and BLM@PLA at 3310-3350 cm™' were
assigned to the secondary amine of BLM. The character-
istic peak at 1750-1760 cm ™! was attributed to the C=0
of PLA. Additionally, the characteristic peak at 1150—
950 cm™! was attributed to the monosaccharide of HA.
Moreover, the characteristic peaks at around 1650 cm™!
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were due to the C=0 of BLM. These results confirmed
the successful fabrication of BLM@PLA-MN:s.

Mechanical strength of BLM@PLA-MNs

To investigate the influence on the mechanical properties
of introducing PLA MPs to MN tips, we compared the
differences in compressive properties between HA-MNs
and BLM@PLA-MNs (Fig. 3b). Although HA-MNs dis-
played higher compressive stress with the same compres-
sive strain (greater than 5 kN) than BLM@PLA-MNs, the
compressive stress of BLM@PLA-MNs could still reach
almost 3 kN, which was well beyond the range of inter-
est for applications in transdermal drug delivery systems.
Additionally, we emphatically observed the strain chang-
ing tendency within 0-450 N of stress. The stress—strain
curve of BLM@PLA-MNs exhibited an obvious trend
variation, possibly due to the abrupt failure of BLM@
PLA-MNs loaded MN tips. Excellent compressive stress
of MN tips is a fundamental characteristic for penetrat-
ing the skin. As previous works have reported, HA-based
MN tips possess excellent penetration capabilities [40,
41]. Furthermore, the penetrative ability of tips was dem-
onstrated by optical photography of holes and traces
created by the MN patches (loaded with rhodamine B)
inserted into fresh rabbit cadaver skin (Fig. S6a). Addi-
tionally, H&E staining images of the rabbit cadaver skin
after treatment with the MN patches further indicated
successful penetration into the skin (Fig. S6b).

The degradation of patches and in vitro drug release assay
of BLM@PLA-MNs

After the BLM@PLA-MN patches were inserted into the
skin for 10 min, the substrate was removed, and BLM@
PLA MPs were released with HA MN arrays dissolving.
To investigate the degradation state, BLM@PLA-MNs
were applied to fresh rabbit cadaver skin to mimic a med-
ical application setting. SEM images revealed the gradual
dissolving of tips in 10 min (Fig. 3c). In addition, the mor-
phological changes of BLM@PLA MPs within 28 days
were investigated via SEM (Fig. 3d). The BLM@PLA MPs
degraded gradually within 28 days in PBS and were basi-
cally completely degraded after 28 days. Therefore, the
slow-release of BLM was visually confirmed. Besides, the
internal morphology of MPs on the 28th day revealed a
microporous structure that could load sufficient BLM.

In previous studies, PLA MPs were generally consid-
ered slow-degrading in PBS solution (pH=7) at room
temperature [42]. To assess the actual release of BLM in
PBS, the UV spectrogram and standard curve of BLM
were initially tested (Fig. 3e insert). The release of BLM
was monitored within 28 days (Fig. 3e). As expected,
once the BLM was encapsulated into PLA MPs, the
release of BLM from the synthesized BLM@PLA MPs
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occurred continuously within 28 days, reaching a maxi-
mum (138.47 ppm, 20 mL PBS solution) at 28 days.
Therefore, it could be calculated that the maximum drug
release for a single MN patch was approximately 2.77 mg
(138.47 mg/Lx0.02 L=2.77 mg), which is significantly
lower than the safe dosage for intralesional injection
treatment of hemangiomas and vascular malformations
in clinical settings [43, 44]. The initial loading amount of
BLM was calculated as 164.50 ppm.

In the first 7 days, only 27.64% of the maximum BLM
release amount (23.26% of the initial loading amount
of BLM) was released from BLM@PLA. The releasing
amount of BLM from day 7 to day 21 reached 89.09 ppm
(around 64.34% of the maximum). Even from day 21 to
day 28 (the last week), the amount of released BLM from
BLM@PLA MPs reached 11.11 ppm, accounting for
8.02% of the maximum. The continuous release of BLM
in the long-term could be attributed to the slow degra-
dation of PLA MPs. More importantly, several explosive
release processes of BLM were observed from day 2 to
day 3, day 5 to day 10, and day 14 to day 21. We specu-
lated that these results were related to the specific closed
microporous structure of BLM@PLA MPs internally.
More micropores were exposed to the PBS solution with
the PLA degrading, leading to an explosive release of
BLM.

Biocompatibility and safety assessment of MN patches
Ensuring biosafety is crucial for advancing the use of
biomedical materials in clinical applications. Herein, the
MN patches were assessed the biotoxicity by CCK8 assay.
Human dermal fibroblast cells were cultivated alongside
MN patches, and the cell viability was determined by
measuring the OD values at 490 nm (Fig. 4a). The cell
viability values for HA-MNs, PLA-MNs, BLM-MNs,
and BLM@PLA-MNs were 97.85+0.05%, 92.47 +0.02%,
91.40+0.01%, and 94.27+0.006%, respectively. It was
worth noting that the cell viability of BLM@PLA-MNs
was higher than that of BLM-MNs, indicating that
BLM@PLA-MNs to some extent mitigated the impact
of the drug on cells. Overall, based on ISO 10993 stand-
ards, all the prepared MN patches mentioned above can
be classified as non-toxic [45]. Furthermore, the hemo-
compatibility of the MN patches was assessed by meas-
uring the hemolysis rate against sheep red blood cells
(Fig. 4b). It can be observed that the hemolysis rate of all
MN patches on red blood cells was around 1%, signifi-
cantly lower than the standard for biomedical materials
(hemolysis rate <5%) [46]. Meanwhile, the hemolysis rate
of BLM@PLA-MNs was lower than that of BLM-MNSs,
indicating that PLA had a minor impact on the biosafety
of the MN patches.
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Moreover, an irritation and skin sensitization test is
essential for the biological evaluation of medical devices.
According to ISO 10993-10:2010 guidelines [47], the
potential for MN-induced irritation reactions is assessed
by injecting the MN patches extract intradermally into
rabbits (Fig. 4c). The topical changes were recorded at
24 h, 48 h, and 72 h after the injections, revealing no
obvious erythema, edema, or necrosis around vesi-
cles (Fig. 4d). Histological analysis further documented
microscopic features of local skin samples 72 h after the
injection. Based on representative H&E-stained images,
no inflammatory cells, necrotic tissue, or hematoma were
detected in the subcutaneous tissues of any experimental

(See figure on next page.)

group (Fig. 4e). In summary, the aforementioned findings
suggest that the MN patches demonstrate satisfactory
biocompatibility, rendering them suitable for practical
medical use.

Inhibitory effect evaluation of MN patches on hemangioma
formation in vivo

Microneedles have emerged as a promising platform
for transdermal drug delivery due to enhanced perme-
ability and reduced pain sensation [48]. In this study,
we delved into the inhibitory effects of microneedle
(MN) patches on hemangioma formation in vivo. Ini-
tially, a murine hemangioma model was established in

Fig. 5 Evaluation of the inhibitory effect of MN patches in murine congenital hemangioma model. a Depiction of two patients of NICH (one
located in the right temporal region and the other in the right waist). b Schematic illustration of the murine congenital hemangioma model.
Xenografts harvested 4 weeks after MN patch treatment. Comparison of mean weight (d), microvascular density (e), and capillary diameter (f)
of the xenografts in each group after 4 weeks of treatment. Error bars represent mean + SEM. n=3 mice in each group for (c-f). g Representative
images of H&E staining, as well as CD31, glut-1 and a-SMA levels assessed by immunofluorescence in the xenografts of each group. (n=3

per group), *p <0.05, **p <0.01, ***p <0.001. Scale bar: 100 um
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female immunodeficiency mice by implanting vascular
endothelial cells (VEC) (positive for CD31, Fig. S8b)
from congenital hemangioma lesions (Fig. S8a) into
Matrigel (Fig. 5a and b). The lumens in this model were
positively stained for human CD31 and a-SMA, and
negatively for glut-1, mirroring the expression pattern
in congenital hemangioma tissues (Fig. 5g). Moreover,
in the H&E sections of the control and HA-MN groups,
we observed endothelial cells with a hobnailed appear-
ance (indicated by red arrows), a common feature in
congenital hemangioma tissues, reinforcing the fidelity
of the model.

To evaluate the therapeutic effect of MN patches
on hemangioma in vivo, we applied HA-MNs, PLA-
MNs, BLM-MNs, and BLM@PLA-MNs in separate test
groups. After a 10-min administration, the patches were
removed, and xenografts were harvested after 30 days.
Significant reductions in xenograft weight, vessel density,
and capillary diameter were observed in the BLM-MNs

b

ro
group

UP:919

CH VS CH-BLM
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and BLM@PLA-MNs groups (Fig. 5¢c—g). In compari-
son to BLM-MNs, BLM@PLA-MNs exhibited lower
xenograft weight and microvascular density, with no
significant difference in capillary diameter (Fig. 5d-f).
It’s noteworthy that the HA-MNs and PLA-MNs groups
showed a mild decrease in weight and vascular density
(Fig. 5d and e), potentially attributed to the angiogen-
esis inhibitory effects of HA [49]. Importantly, no pul-
monary fibrosis, a common complication of bleomycin
[50], was detected in the lungs of both BLM-MNs and
BLM@PLA-MNs groups. Additionally, there were no sig-
nificant differences in liver and kidney structures (necro-
sis, inflammation, steatosis) between the control group
and other experimental groups (Fig. S7). These findings
underscore the prolonged inhibitory effect and biosafety
of BLM@PLA-MNs for hemangiomas.

However, the long-term effects of bleomycin cannot be
ignored. Bleomycin can cause pulmonary toxicity, lead-
ing to conditions such as pneumonitis and pulmonary
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Fig. 6 BLM@PLA-MNs inhibit congenital hemangiomas through the P53 pathway. a Heatmap representing color-coded expression

levels of differentially expressed genes (DEGs) in CH-VEC and CH-VEC+BLM (3 patients with hemangiomas). b Volcano plot shows

up- and down-regulated genes in CH-VEC and CH-VEC after bleomycin treatment (FC> 2, p < 0.05). ¢ KEGG pathway enrichment analysis of DEGs. d
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Western blot and quantitative analysis of P53 expression in VEC of CH treated with bleomycin at concentration of 5 ug/mL for 24 h. 3-actin served
as the loading control. Representative images (g) and quantification (i) of P53 levels assessed by IHC in the xenografts of each group. Error bars
represent mean + SEM, n=3 independent experiments for (f, i), *p <0.05, **p <0.01, ***p < 0.001. Scale bar, 50 pm



Sun et al. Journal of Nanobiotechnology (2024) 22:372

fibrosis. Although we did not observe abnormalities in
the lungs, liver, and kidneys of mice during the 28-day
experimental period, the long-term safety of this treat-
ment remains uncertain. This is a limitation of our study.
Future research should focus on the long-term metabo-
lism of bleomycin in the body and its long-term side
effects. Additionally, adjusting the dosage by altering the
surface area of the microneedles offers a safer treatment
approach for lesions of varying sizes and for patients
of different ages. This remains a key focus for future
research.

BLM@PLA-MNs inhibit congenital hemangiomas

via modulating the P53 pathway

To elucidate the molecular mechanism underlying the
inhibitory effects of BLM@PLA-MNs on congenital
hemangiomas, RNA-sequencing (RNA-seq) was con-
ducted on vascular endothelial cells of hemangiomas
treated with bleomycin (5 ug/mL, 24 h) or PBS (control).
The heatmap revealed that 919 genes were significantly
up-regulated, and 607 genes were significantly down-
regulated in CH treated with bleomycin compared to
the control (fold change>2, p value<0.01) (Fig. 6a and
b). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses indicated that multiple pathways, such as DNA
replication, cell cycle, cellular senescence, and the P53
signaling pathway were enriched in bleomycin-treated
group (Fig. 6c). Consistently, Gene Set Enrichment
Analysis (GSEA) also revealed downregulation of DNA
replication and the cell cycle (Fig. 6d). The P53 signal-
ing pathway, known as a tumor suppressor pathway, has
been shown to have connections between cell cycle arrest
and DNA repair. Loss of P53 also plays a direct role in
formation of the vascular malformations [51]. Moreover,
bleomycin can induce DNA double-strand breaks, which,
in turn, activate P53, leading to cell cycle arrest and/or
DNA damage, thereby inhibiting vascular malformations
[52-54]. Western blot analysis confirmed that applying
bleomycin to vascular endothelial cells of CH for 24 h
induced an increase in expression of P53 (P53/B-actin
ratio:1.40) (Fig. 6e and f). To further confirm the bleo-
mycin-mediated upregulation of the P53 pathway, we
conducted P53 immunohistochemical staining analysis
on the xenograft in the hemangioma model. In line with
western blot results, BLM-MNs and BLM@PLA-MNs
showed higher expression of P53, while BLM@PLA-MNs
exhibited the strongest P53 expression and the small-
est formation of congenital hemangioma (Fig. 6g and i).
These results supported that BLM@PLA-MNs exerted an
inhibitory effect on hemangioma through the upregula-
tion of the P53 signaling pathway.

Page 12 of 14

Conclusions

In conclusion, our study presents a straightforward
approach to synthesize BLM-loaded HA-based MN
patches. BLM encapsulation occurred during the synthe-
sis of PLA-MPs. Successful preparation of PLA MPs and
MN patches was confirmed through SEM imaging. We
thoroughly investigated the in vitro BLM release profile
from PLA MPs. The safety of MN patches was compre-
hensively validated through cell viability assays, hemoly-
sis ratios, and irritation and skin sensitization tests on
rabbits. Moreover, we established a murine hemangioma
model and demonstrated the inhibitory effects of BLM@
PLA-loaded MN patches on hemangioma formation
in vivo. Through RNA-Seq, western blot, and IHC, we
uncovered that BLM@PLA-loaded MN patches inhibit
hemangioma formation by modulating the P53 path-
way. This study represents the first systematic explora-
tion of combining PLA microspheres with microneedles
to load BLM for treating hemangiomas. Our findings
indicate that BLM@PLA-loaded MNs hold promise
as a cost-effective and efficient treatment method for
hemangiomas.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02557-7.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Author contributions

B.S, T.Z.and H.C. contributed equally to this work. B.S. and T.Z. conceived

the idea. CH,, J.R.and X.L. supervised the work. B.S. and T.Z. designed the
experiments and conducted the MNs patch. J.Z, T.C. and W.D. conducted
animal experiments and analyzed data. XY, H.C. and W.G. provide theoretical
analysis. B.S. and T.Z. wrote the manuscript with contributions from all of the
authors. All authors participated in the discussion of the results and wrote the
manuscript.

Funding

This work was supported by the following grants: Major and Key Cultivation
Projects of Ninth People’s Hospital affiliated to Shanghai Jiao Tong University
School of Medicine (No. JYZP005), Efficacy and mechanism study of WX390
in PIK3CA-Related Overgrowth Spectrum (PROS) (No. JYW(022075), Shanghai
Sailing Program (No. 22YF1421900, 22YF1422800), and the Fundamental
Research Funds for the Central Universities (No. YG2023ZD13).

Availability of data and materials
The authors declare that all data supporting the results in this study are avail-
able within the paper and its supplementary information.

Declarations

Ethics approval and consent to participate

All protocols involving human subjects were reviewed and approved by the
Institutional Review Board of Shanghai Ninth People’s Hospital. All animal
experiments were reviewed and approved by Shanghai Ninth People’s Hos-
pital Central Lab IACUC (Permit Number: SYXK (Shanghai) 2016-0016), and all
experiments conformed to the relevant regulatory standards.


https://doi.org/10.1186/s12951-024-02557-7
https://doi.org/10.1186/s12951-024-02557-7

Sun et al. Journal of Nanobiotechnology

(2024) 22:372

Consent for publication
All authors have provided consent for the manuscript to be published in
Journal of Nanobiotechnology.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Plastic and Reconstructive Surgery, Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200011,
China. ?Institute of Nano and Biopolymeric Materials, School of Materials
Science and Engineering, Tongji University, Shanghai 201804, China. >Depart-
ment of Orthopaedic Surgery, Minhang Hospital, Fudan University, 170 Xin
Song Road, Shanghai 201100, China.

Received: 16 January 2024 Accepted: 16 May 2024
Published online: 25 June 2024

References

1.

Anderson KR, Schoch JJ, Lohse CM, Hand JL, Davis DM, Tollefson MM.
Increasing incidence of infantile hemangiomas (IH) over the past 35
years: correlation with decreasing gestational age at birth and birth
weight. J Am Acad Dermatol. 2016;74:120-6.

Chang LC, Haggstrom AN, Drolet BA, Baselga E, Chamlin SL, Garzon MC,
et al. Growth characteristics of infantile hemangiomas: implications for
management. Pediatrics. 2008;122:360-7.

Léauté-Labréze C, Harper JI, Hoeger PH. Infantile haemangioma. Lancet.
2017;390:85-94.

Boon LM, Enjolras O, Mulliken JB. Congenital hemangioma: evidence of
accelerated involution. J Pediatr. 1996;128:329-35.

Enjolras O, Mulliken JB, Boon LM, Wassef M, Kozakewich HP, Burrows

PE. Noninvoluting congenital hemangioma: a rare cutaneous vascular
anomaly. Plast Reconstr Surg. 2001;107:1647-54.

Nasseri E, Piram M, McCuaig CC, Kokta V, Dubois J, Powell J. Partially
involuting congenital hemangiomas: a report of 8 cases and review of
the literature. J Am Acad Dermatol. 2014;70:75-9.

Mulliken JB, Enjolras O. Congenital hemangiomas and infantile heman-
gioma: missing links. J Am Acad Dermatol. 2004;50:875-82.

Mayer JLR, Intzes S, Oza VS, Blei F. How we approach hemangiomas in
infants. Pediatr Blood Cancer. 2022;69(Suppl 3): €29077.

Drolet BA, Frommelt PC, Chamlin SL, Haggstrom A, Bauman NM, Chiu YE,
et al. Initiation and use of propranolol for infantile hemangioma: report of
a consensus conference. Pediatrics. 2013;131:128-40.

Léauté-Labreze C, Dumas de la Roque E, Hubiche T, Boralevi F, Thambo
JB, Taieb A. Propranolol for severe hemangiomas of infancy. N Engl J Med.
2008;358:2649-51.

. Castaneda S, Melendez-Lopez S, Garcia E, De la Cruz H, Sanchez-Palacio

J.The role of the pharmacist in the treatment of patients with infantile
hemangioma using propranolol. Adv Ther. 2016;33:1831-9.

Frieden 1, Drolet BA. Propranolol for infantile hemangiomas: promise,
peril, pathogenesis. Pediatr Dermatol. 2009;26:642-4.

Frongia G, Byeon JO, Mehrabi A, Gunther P. Recurrence rate of

infantile hemangioma after oral propranolol therapy. Eur J Pediatr.
2021;180:585-90.

Gupta G, Mallefet P, Kress DW, Sergeant A. Adherence to topical der-
matological therapy: lessons from oral drug treatment. Br J Dermatol.
2009;161:221-7.

Kelchen MN, Brogden NK. Effect of dosing regimen and microneedle
pretreatment on in vitro skin retention of topically applied beta-blockers.
Biomed Microdevices. 2018;20:100.

Mack JM, Peterson EC, Crary SE, Moran JH, Neville K, Pierce CD, et al.
Pharmacokinetics of bleomycin sclerotherapy in patients with vascular
malformations. Pediatr Blood Cancer. 2022;69: €29733.

Chang L, Chen H, Yang X, Jin'Y, Ma G, Lin X. Intralesional bleomycin
injection for propranolol-resistant hemangiomas. J Craniofac Surg.
2018;29:e128-30.

Barbayianni |, Kanellopoulou P, Fanidis D, Nastos D, Ntouskou ED, Galaris
A, etal. SRC and TKS5 mediated podosome formation in fibroblasts

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

Page 13 of 14

promotes extracellular matrix invasion and pulmonary fibrosis. Nat Com-
mun. 2023;14:5882.

Pandey V, Tiwari P, Sharma SP, Kumar R, Singh OP. Role of intralesional
bleomycin and intralesional triamcinolone therapy in residual haeman-
gioma following propranolol. Int J Oral Maxillofac Surg. 2018;47:908-12.
Duvic M, Lemak NA, Valero V, Hymes SR, Farmer KL, Hortobagyi GN, et al.
A randomized trial of minoxidil in chemotherapy-induced alopecia. J Am
Acad Dermatol. 1996,35:74-8.

Xie Y, Wang H, Mao J, Li'Y, Hussain M, Zhu J, et al. Enhanced in vitro
efficacy for inhibiting hypertrophic scar by bleomycin-loaded dissolving
hyaluronic acid microneedles. J Mater Chem B. 2019;7:6604-11.

He G, LiY, Younis MR, Fu LH, He T, Lei S, et al. Synthetic biology-instructed
transdermal microneedle patch for traceable photodynamic therapy. Nat
Commun. 2022;13:6238.

Shan J, Zhang X, Cheng Y, Song C, Chen G, Gu Z, et al. Glucose metabo-
lism-inspired catalytic patches for NIR-Il phototherapy of diabetic wound
infection. Acta Biomater. 2023;157:200-9.

Zhang T, Sun B, Guo J, Wang M, Cui H, Mao H, et al. Active pharmaceutical
ingredient poly(ionic liquid)-based microneedles for the treatment of skin
acne infection. Acta Biomater. 2020;115:136-47.

Zhang M, Yang C, Yan X, Sung J, Garg P, Merlin D. Highly biocompat-

ible functionalized layer-by-layer ginger lipid nano vectors targeting
P-selectin for delivery of doxorubicin to treat colon cancer. Adv Ther.
2019;2:1900129.

Kusama S, Sato K, MatsuiY, Kimura N, Abe H, Yoshida S, et al. Transdermal
electroosmotic flow generated by a porous microneedle array patch. Nat
Commun. 2021;12:658.

Yang D, Chen M, SunY, JinY, Lu C, Pan X, et al. Microneedle-mediated
transdermal drug delivery for treating diverse skin diseases. Acta Bio-
mater. 2021;121:119-33.

Tay JH, Lim YH, Zheng M, Zhao Y, Tan WS, Xu C, et al. Development of
hyaluronic acid-silica composites via in situ precipitation for improved
penetration efficiency in fast-dissolving microneedle systems. Acta
Biomater. 2023;172:175-87.

Jang M, Kang BM, Yang H, Ohn J, Kwon O, Jung H. High-dose steroid
dissolving microneedle for relieving atopic dermatitis. Adv Healthc Mater.
2021;10:€2001691.

Tas C, Joyce JC, Nguyen HX, Eangoor P, Knaack JS, Banga AK, et al. Dihy-
droergotamine mesylate-loaded dissolving microneedle patch made

of polyvinylpyrrolidone for management of acute migraine therapy. J
Control Release. 2017,268:159-65.

. Gualeni B, Coulman SA, Shah D, Eng PF, Ashraf H, Vescovo P, et al. Mini-

mally invasive and targeted therapeutic cell delivery to the skin using
microneedle devices. Br J Dermatol. 2018;178:731-9.

Zhou J, Zhang B, Liu X, Shi L, Zhu J, Wei D, et al. Facile method to pre-
pare silk fibroin/hyaluronic acid films for vascular endothelial growth
factor release. Carbohyd Polym. 2016;143:301-9.

Chen J, Ren H, Zhou P, Zheng S, Du B, Liu X, et al. Microneedle-medi-
ated drug delivery for cutaneous diseases. Front Bioeng Biotechnol.
2022;10:1032041.

Li X, Qi C, Han L, Chu C, Bai J, Guo C, et al. Influence of dynamic com-
pressive loading on the in vitro degradation behavior of pure PLA and
Mg/PLA composite. Acta Biomater. 2017;64:269-78.

Zhu D, Tao W, Zhang H, Liu G, Wang T, Zhang L, et al. Docetaxel (DTX)-
loaded polydopamine-modified TPGS-PLA nanoparticles as a targeted
drug delivery system for the treatment of liver cancer. Acta Biomater.
2016;30:144-54.

Bai G, Yuan P, Cai B, Qiu X, Jin R, Liu S, et al. Stimuli-responsive scaffold
for breast cancer treatment combining accurate photothermal therapy
and adipose tissue regeneration. Adv Func Mater. 2019;29:1904401.
Shin HM, Ju Y, Kim G, Lee JW, Seo MW, Sim JH, et al. Recyclable
cytokines on short and injectable polylactic acid fibers for enhancing
T-cell function. Adv Func Mater. 2019;29:1808361.

Yu B, Meng L, Fu S, Zhao Z, Liu Y, Wang K, et al. Morphology and
internal structure control over PLA microspheres by compounding
PLLA and PDLA and effects on drug release behavior. Colloids Surf, B.
2018;172:105-12.

Weidner N. Current pathologic methods for measuring intratumoral
microvessel density within breast carcinoma and other solid tumors.
Breast Cancer Res Treat. 1995;36:169-80.



Sun et al. Journal of Nanobiotechnology (2024) 22:372

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kim MJ, Seong KY, Kim DS, Jeong JS, Kim SY, Lee S, et al. Minoxidil-
loaded hyaluronic acid dissolving microneedles to alleviate hair loss in
an alopecia animal model. Acta Biomater. 2022;143:189-202.

. Seeni RZ, Zheng M, Lio DCS, Wiraja C, Mohd Yusoff MFB, Koh WTY,

et al. Targeted delivery of anesthetic agents to bone tissues using
conductive microneedles enhanced iontophoresis for painless dental
anesthesia. Adv Func Mater. 2021;31:2105686.

Wu G, Liu S, Yang Y, Liu M, Wu J, Li J, et al. Preparation and properties
of nano-SiO2/lipase/polycaprolactone composite microsphere and

its application in controlling the degradation of polylactic acid fiber
membrane. J Text Inst. 2022;114:412-9.

Hassan'Y, Osman AK, Altyeb A. Noninvasive management of heman-
gioma and vascular malformation using intralesional bleomycin injec-
tion. Ann Plast Surg. 2013;70:70-3.

JinY, ZouY, Hua C, Chen H, Yang X, Ma G, et al. Treatment of early-stage
extracranial arteriovenous malformations with intralesional interstitial
bleomycin injection: a pilot study. Radiology. 2018;287:194-204.

GaoY, Chen L, Zhang Z, Gu W, Li Y. Linear cationic click polymer for
gene delivery: synthesis, biocompatibility, and in vitro transfection.
Biomacromol. 2010;11:3102-11.

Yuan J, Huang X, Li P, Li L, Shen J. Surface-initiated RAFT polymerization
of sulfobetaine from cellulose membranes to improve hemocompat-
ibility and antibiofouling property. Polym Chem. 2013;4:5074-85.
Pellevoisin C, Cottrez F, Johansson J, Pedersen E, Coleman K, Groux H.
Pre-validation of SENS-IS assay for in vitro skin sensitization of medical
devices. Toxicol In Vitro. 2021;71: 105068.

Chen BZ, Li WX, Feng YH, Zhang XP, Jiao J, Li ZL, et al. Functional insulin
aspart/insulin degludec-based microneedles for promoting postpran-
dial glycemic control. Acta Biomater. 2023;171:350-62.

Kyyak S, Blatt S, Wiesmann N, Smeets R, Kaemmerer PW. Hyaluronic
acid with bone substitutes enhance angiogenesis in vivo. Materials.
2022;15:3839.

Enomoto Y, Katsura H, Fujimura T, Ogata A, Baba S, Yamaoka A, et al.
Autocrine TGF-B-positive feedback in profibrotic AT2-lineage cells plays
a crucial role in non-inflammatory lung fibrogenesis. Nat Commun.
2023;14:4956.

Plummer NW, Gallione CJ, Srinivasan S, Zawistowski JS, Louis DN, Mar-
chuk DA. Loss of p53 sensitizes mice with a mutation in Ccm1 (KRITT)
to development of cerebral vascular malformations. Am J Pathol.
2004;165:1509-18.

Okudela K, Ito T, Mitsui H, Hayashi H, Udaka N, Kanisawa M, et al. The role
of p53 in bleomycin-induced DNA damage in the lung. A comparative
study with the small intestine. Am J Pathol. 1999;155:1341-51.

Abdelaty MH, Badran Al, Aborahma AM, Elheniedy MA, Kamhawy AH.
Intralesional injection of bleomycin in the management of low flow
vascular malformations: results and factors affecting the outcome. J Vasc
Surg Venous Lymphatic Disord. 2023;12: 101694.

Khurana A, Mathachan SR, Paliwal P. Treatment of acquired digital arterio-
venous malformation with intralesional bleomycin: an effective modality
for a lesser known condition. Dermatol Surg. 2023;49:809-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14



	Microneedle delivery system with rapid dissolution and sustained release of bleomycin for the treatment of hemangiomas
	Abstract 
	Introduction
	Materials and methods
	Materials
	Characterization
	Synthesis of PLA and BLM@PLA MPs
	Preparation of HA-based MN patches
	Loading efficiency of BLM in PLA MPs
	In vivo intradermal irritation experiment
	Cell separation and culture
	In vivo murine model of congenital hemangioma
	RNA-based next-generation sequencing (RNA-seq)
	Statistical analysis

	Results and discussion
	Design and fabrication of BLM@PLA-MNs
	Synthesis and characterization of PLA and BLM@PLA-MNs
	Fabrication and characterization of MN patches
	Mechanical strength of BLM@PLA-MNs
	The degradation of patches and in vitro drug release assay of BLM@PLA-MNs
	Biocompatibility and safety assessment of MN patches
	Inhibitory effect evaluation of MN patches on hemangioma formation in vivo
	BLM@PLA-MNs inhibit congenital hemangiomas via modulating the P53 pathway

	Conclusions
	Acknowledgements
	References


