International Journal of Nanomedicine Dovepress
Taylor & Francis Group

Pd lIcosahedral Nanoparticles Promote Skin
Wound Healing by Enhancing SP1-HBEGF
Axis-Mediated Keratinocytes Proliferation

Fanping He'™3x, Mengfan Li** Han Zhao'3, He Zhao'?, Xin Meng"3, Yiya Zhang 135 Yan Tang"3’5,
Hongwen Huang4‘6, Ji Li'33, Hongfu Xie'3, Ben Wang"3’5

'Department of Dermatology, Xiangya Hospital, Central South University, Changsha, People’s Republic of China; 2Department of Plastic and
Reconstructive Surgery, Beijing Tongren Hospital, Capital Medical University, Beijing, People’s Republic of China; *Hunan Key Laboratory of Aging
Biology, Xiangya Hospital, Central South University, Changsha, People’s Republic of China; *College of Materials Science and Engineering, Hunan
University, Changsha, Hunan, 410082, People’s Republic of China; *National Clinical Research Center for Geriatric Disorders, Xiangya Hospital,
Central South University, Changsha, Hunan, 410008, People’s Republic of China; ®Shenzhen Research Institute of Hunan University, Shenzhen,
Guangdong, 518055, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Ben Wang; Hongfu Xie, Email wangben@csu.edu.cn; xiehongfu@csu.edu.cn

Introduction: Impaired wound healing leads to compromised cutaneous barrier and dysfunction, which still remains a challenging
problem. However, safe and efficient materials and treatments for promoting wound healing are still lacking. Metal nanoparticles
especially palladium nanoparticles (Pd NPs) have attracted tremendous interests in medical application in recent years, due to its
unique physicochemical properties and biological inertness. Thereinto, Pd icosahedra nanoparticles (Pd Icos NPs) and Pd octahedra
nanoparticles (Pd Oct NPs) have superior catalytic activity compared to other shapes but the application in skin wound healing have
not been studied and reported.

Methods: Pd Oct NPs and Pd Icos NPs were synthesized by seed-mediated growth method and one-step synthesis method and
characterized by series physical chemical assays. The acute full-thickness skin excision wound mouse model was used to access the
wound healing potential and screen out the effective materials—Pd Icos NPs. Next evaluate the biotoxicity and safety of Pd Icos NPs
and both in HaCaT cells and in vivo. Further examine related molecules expression by RT-qPCR and WB in HaCaT cells and wound
tissues with Pd Icos treatment. Then knockout the related molecules both in HaCaT cells and in vivo to validate the molecular
mechanism of these molecules in the phenotype of wound healing promoted by Pd Icos NPs.

Results: Pd Icos NPs with surface and tensile strain rather than Pd Oct NPs can promote skin wound healing. Pd Icos NPs upregulates
the expression of HBEGF by promoting the production of transcription factor SP1, and contributes to keratinocytes proliferation and
accelerating acute full-thickness skin wound healing.

Discussion: Pd Icos NPs represent an effective and safe material for skin wound healing, suggesting a potential novel therapeutic strategy.
Keywords: palladium icosahedral nanoparticles, keratinocytes, cell proliferation, skin wound healing, HBEGF, transcription factor SP1

Introduction

The skin is the largest organ in the human body and serves as the main protector against the external environment. However, skin
injury disrupts this physical barrier, resulting in loss of body fluids and nutrients, secondary bacterial infection, and disturbance of
the internal environment of the body, which may cause life-threatening in severe cases.' Wound healing is a highly organized and
complex process.” Various cells and bioactive substances play a critical role in inflammatory regulation, epidermal regeneration,
angiogenesis, collagen synthesis, etc.> Of note, keratinocyte plays a key role in skin immune responses and epidermal barrier
reconstruction. In response to the injury, keratinocytes are the first cells to be activated.* Immune cells are next recruited into the

injury site and promote the wound healing process into the inflammatory stage. Cell proliferation is a necessary phase of wound
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healing. Keratinocytes proliferate in the basal layer, differentiate upward, and migrate to the center of the wound, which is
responsible for wound closure.>® The current treatment strategies are mainly to optimize these controllable related factors, such
as clearing the infection, smoking cessation, nutritional support, etc. However, effective treatment is still lacking.” For the United
States, accumulating epidemiological evidence in recent years reveals that the problems of wound healing impose a tremendous
and rapidly increasing health and economic burden on patients and society.® Thus, it is necessary to develop more effective and
targeted treatments for promoting wound healing directly.

Nanomaterials have unique physicochemical properties and can provide treatment at a molecular level, bringing new
opportunities for medicine.”'' Noble metal nanoparticles attracted a great deal of scientific interest due to the higher
catalytic activity and reaction selectivity as a result of their special features including large specific surface and surface
energy, gold and silver are the most extensively studied materials'? that have the ability to promote wound healing, but the
price and cytotoxicity'*'* seriously limit their clinical application. Palladium (Pd) exhibits superior catalytic performance
and has been a critical subject for a wide range of applications such as electrocatalysis, energy storage and batteries,
hydrogen storage systems, etc.'> Conversely, the medical field research on Pd is still very limited. Only recently, researchers
have noticed their potential therapeutic properties in anticancer therapy, thermal therapies, antibacterial therapy, and target
delivery of drugs or genes.'® Previous reports have demonstrated that Pd NPs are biologically inert and therefore exhibit low
toxicity,'” and might be a promising new material in the nanomedical field. However, these researches are based mostly on
round-shaped Pd NPs. It has been found that the nanoparticles are within similar chemical properties, but different shapes can
influence the efficacy of such materials in biological process.'® Palladium octahedral nanoparticles (Pd Oct NPs) and
palladium icosahedral nanoparticles (Pd Icos NPs) with {l111} facets were reported to have greater catalytic activity
compared to the other shapes.'® Pd Oct NPs could pass through the bacterial membrane, thus can kill Gram-negative
bacteria. Still, there was a lack of in vivo verification and its biological role in wound healing remains unclear. Moreover, the
biological function of Pd Icos NPs have not been studied and reported yet. Here, we prepared and characterized the Pd Oct
NPs and Pd Icos NPs of similar size and same crystal face, investigated their effect on the healing of acute full-thickness skin
wounds and screened out the effective materials. Then we aim to clarify the biosafety and underlying molecular mechanism
of the material in promoting wound healing and provide a new strategy for the clinic.

Experimental

Chemicals and Materials

Sodium tetrachloropalladate (II) (Na,PdCly), polyvinylpyrrolidone (PVP, MW=55,000) were purchased from Sigma-
Aldrich. Diethylene glycol (DEG), potassium chloride (KCI) potassium bromide (KBr,), ascorbic acid (AA), acetone
(C5HgO) and formaldehyde solution (HCHO, 37~40% in H,O) were purchased from Sinopharm Chemical Reagent Co.
Ltd (Shanghai, China). Ultrapure water (18.2 MQ-cm) was used throughout the experiments. Synthesis of Pd nanocubes,
Pd Oct NPs and Pd Icos NPs, production of blank gel were in Supporting Information 1.

Synthesis of Pd Nanocubes

The Pd nanocubes were prepared according to previous work. First, 8.0 mL of an aqueous solution containing 105 mg of
PVP, 60 mg of AA, 185 mg KCl, and 5 mg of KBr was hosted in a 30 mL vial and pre-heated to 80 °C in an oil bath
under magnetic stirring for 10 min. Subsequently, 3.0 mL of an aqueous solution containing 57 mg of Na,PdCl, was
quickly injected with a pipette. After the vial had been capped, the reaction was then continued for 3 h. Pd nanocubes of
roughly 6 nm in size were obtained. The product was collected by centrifugation, washed 5 times with water and acetone,
and redispersed in 11mL ddH,O for further use.

Synthesis of Pd Oct NPs

The Pd Oct NPs were synthesized according to the previously described method with slight modifications. In a typical
synthesis, 105 mg of PVP, 100 uL of HCHO, 0.3 mL the as-prepared Pd nanocubes and 7.7 mL of ddH,O were mixed
together in a 30 mL vial and pre-heated at 60 °C for 10 min under magnetic stirring. Subsequently, 3.0 mL of an aqueous
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solution containing 29 mg of Na,PdCl, was added to the pre-heated solution. After the vial had been capped, the reaction was
then continued for 3 h. was collected by centrifugation, washed 3 times with water, and redispersed in ddH,O for further use.

Synthesis of Pd lcos NPs

The Pd Icos NPs were synthesized according to the previously reported method with slight modifications. In a typical
synthesis, 2 mL diethylene glycol and 105 mg PVP were added in a 30 mL vial, and pre-heated at 120 °C in an oil bath
under magnetic stirring for 10 min. Subsequently, add 1.0 mL diethylene glycol containing 15.5mg Na,PdCl, was
injected using a pipette. After the vial had been capped, the reaction was then continued for 6 h. The product was
collected by centrifugation and washed once with acetone and twice with water to remove excess PVP The product was
finally redispersed in 3 mL ddH,O for further use.

Production of Blank Gel, Pd Oct-Gel and Pd Icos-Gel

Polyacrylate Crosspolymer-6 (SEPIMAX ZEN) was purchased from SEPIC (France). Put 120 mg SEPIMAX ZEN
powder into 8 mL ddH,0, Pd Oct or Pd Icos suspension respectively, dispersed by ultrasonic waves and stirred at rate of
900 rpm overnight to prepared homogeneous blank-gel, Pd Oct-gel and Pd Icos-gel. The concentration of each gel was
0.65 mg/mL.

Characterization of Materials

Structural and size analyses of the nanoparticles were performed using TEM (Hitachi HT7650 microscope) operated at
100 kV. HAADF-STEM images were collected on a JEOL ARM-200F field-emission transmission electron microscope
operating at 200 kV accelerating voltage. XRD data was measured at BL14B station of Shanghai Synchrotron Radiation
Facility (SSRF) and the used X-ray photon energy is 18 keV. Zeiss Sigma 300 SEM equipped with Smartedx energy
dispersive spectrometer (Carl Zeiss AG, Germany) was used to observe the microstructure and elemental constitutions of
gels. The hydrodynamic size and zeta potential were determined by DLS analyzer (Zetasizer Nano series, Malvern, UK).

Cell Lines and Culture

HaCaT cells, NIH/3T3 cells, and HEK 293T cells were purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum (FBS; Gibco) at 37°C in 5%CO,. The details of cytotoxicity and cell viability assay, cell proliferation
analysis, quantitative real-time polymerase chain reaction, Western blot assays were in Supporting Information 1. The

sequences of the primers are listed in Table S1.

Animals and Treatments

C57BL/6J mice (7 weeks old) weighing between 20 and 25 g, were obtained from Shanghai SLAC Laboratory Animal Co. LTD
(Shanghai, China). After initially anaesthetized, the hair on the back was shaved using an electric shaver. Further, mouse backs
were cut to generate a circular full-thickness wound (diameter 0.6 cm) with a hole punch. Blank-gel, Pd Oct-gel and Pd Icos-gel
were placed on the whole wound. The progression of wound closure was photographed monitored carefully every day, and the
wound size was analyzed using ImageJ. The details of histological and immunofluorescent staining, hemolysis test was in
Supporting Information 1. All animal experiments were performed under specific pathogen-free conditions and the experimental
protocol was approved by the Animal Ethics Committee of the Xiangya Hospital of Central South University (2022020051). The
study adhered to the guidelines set by the committee. The ethical principles outlined the Chinese National Guidelines (GB/T

35892-20181), Guide for the Care and Use of Laboratory Animals and other guidelines and laws related to animal welfare ethics
were followed.

Statistical Analysis

Data were presented as mean+SEM. The comparison between the two groups was performed by unpaired ¢-test, and the
comparison between multiple groups was performed by one-way ANOVA along with Bonferroni’s test. All statistical
analysis was performed using GraphPad 9.0. Data were considered to be statistically significant if P<0.05.
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Results
Characterization of Pd Oct NPs and Pd Icos NPs

The Pd Oct NPs and Pd Icos NPs with similar size were prepared according to a previously reported solution-phase
synthesis based on aqueous solution or diethylene glycol using polyvinyl pyrrolidone (PVP) as the capping agent
(Figure 1A).>"*? The representative transmission electron microscopy (TEM) images and the size distribution statistical
results showed that the Pd Oct NPs and Pd Icos NPs have a single morphology and similar average size of about 15nm
(Figure 1B and C). Both the octahedron and icosahedron were enclosed by {111} facets, and the icosahedron is an
assembly of twenty tetrahedral single-crystallites with thirty twin boundaries, which could be clearly observed by the
atomic-resolution high-angle annular dark-field scanning TEM (HAADF-STEM) images in Figure 1D and E. The
average {111} spacing of single Pd Oct (Figure 1D and E) was calculated to be 2.26 A, consistent with the value of
single-crystalline bulk (2.25 A), while the average {111} spacing at the central faces for the Pd Icos was measured to be
2.32 A (Figure 1F), slightly larger than the Pd Oct. This result reveals the surface of Pd Icos is in tensile strain. The X-ray
diffraction (XRD) pattern presented the peaks of Pd icosahedra slightly shifted to a lower diffraction angle compared
with Pd octahedra (Figure 1G), indicating a large lattice constant of Pd icosahedra. Besides, the {111} diffraction peak of
Pd icosahedra presented a small hump at a high angle, implying that the distribution of surface strain on the icosahedra
was not uniform.>® All these preceding characterizations and analyses thus have demonstrated the existence of surface
tensile strain on the icosahedra and a negligible strain on the octahedra. In addition, the aqueous solutions containing Pd
Oct NPs and Pd Icos NPs respectively were subjected to dynamic light scattering (DLS) tests and Zeta potential
measurements (Figure 1H and I). Figure 1H showed that the hydrodynamic diameter of Pd Oct and Pd Icos was 107.6
nm and 87.08 nm. The mean zeta potential values of Pd Oct and Pd Icos were —0.995 mV and —8.78 mV (Figure 11),
indicating that Pd Icos is more stable and much better dispersed than Pd Oct in aqueous solution.

Since the aqueous solution has high fluidity which is not suitable for subsequent animal experiments by external
application. We use SEPIMAX ZEN as gel formulation matrix.

SEPIMAX ZEN has excellent characteristics of low skin irritation, excellent biocompatibility, superior suspension
stability, ease of gel preparation, broad pH range applicability and precise viscosity adjustment. It has been widely used
in the cosmetics and personal care industry. We then prepared and characterized the SEPIMAX ZEN gel (blank-gel), Pd
Octahedra-gel (Pd Oct-gel) and Pd Icosahedra-gel (Pd Icos-gel). The colors of both particles in the gel were dark brown
(Figure 2A). Figure 2B showed the scanning electron microscope (SEM) images of these gel. Compared with the blank-
gel, the surface of Pd Oct-gel and Pd Icos-gel became rough and granular, suggesting the incorporation of Pd
nanoparticles. We then analyzed the composition of different gels and further confirmed that Pd Oct NPs and Pd Icos
NPs were successfully embedded in SEPIMAX ZEN gel by energy-dispersive X-ray spectrometry (EDS) (Figure 2C).
TEM results showed that Pd Oct NPs and Pd Icos NPs did not have morphological changes or obvious aggregation in gel
(Figure 2D) and the average particle sizes remained around 15 nm (Figure 2E). Three gels were dissolved in deionized
water and subjected to DLS analysis. The results showed that the mean zeta potential values of blank-gel, Pd Oct-gel and
Pd Icos-gel were —28.8 mV, —51.9 mV and —26mV, respectively (Figure 2F), indicating that Pd Oct-gel is much better
dispersed and more stable than blank-gel or Pd Icos-gel in aqueous solution. However, there is no obvious difference
between blank-gel and Pd Icos-gel. Zeta potential can reflect the relative stability of materials under different formulation
compositions. Along one months of storage, no changes such as edimentation or sedimentation was observed in three
gels. In order to reduce the impact of this difference, we only use freshly prepared gels in each experiment.

Pd Icos-Gel Accelerates the Full-Thickness Skin Wound Healing Process

To explore the therapeutic effect of Pd Oct-gel and Pd Icos-gel on the healing of acute skin wounds and screen out the
effective materials, full-thickness skin wounds on the back of the mice were created and treated with blank-gel, Pd Oct-
gel and Pd Icos-gel (Figure S1). Representative images of the wound closures on post-surgery days 0 to 6 were exhibited
(Figure 3A). The wound healing rate was shown in Figure 3B. The digital photos of the wounds and quantification of the
closure rates at days 2 to 5 after wounding revealed that the topical application of Pd Icos-gel markedly accelerated the
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Figure | Characterization of Pd Oct NPs and Pd Icos NPs. (A) Digital photos of Pd Pct and Pd Icos NPs aqueous solution. (B and C) TEM images of Pd Pct (B) and Pd Icos
NPs (C). The inset shows the size distribution by counting more than 200 individual nanocrystals. Scale bar: 50nm. (D and E) HADDF-TEM image of an individual particle of
Pd Oct NPs and Pd Icos NPs. The inset shows corresponding models of the nanostructures. Scale bar: 5nm. (F) The intensity profiles taken from the regions boxed by red

and blue rectangles in (D and E), respectively. (G) XRD of Pd Oct NPs and Pd Icos NPs. (H) DLS measurements for hydrodynamic diameter of Pd Oct NPs and Pd Icos NPs.
(I) Zeta potentials of Pd Oct NPs and Pd Icos NPs tested by DLS analysis.

wound closure of wounds compared with the blank-gel, whereas the Pd Oct-gel-treated group showed no statistically
significant difference.

Next, we further explored the biological effects of Pd Icos NPs on wound tissues. Hematoxylin and eosin (H&E)
staining results verified that wound closure occurred more rapidly in the Pd Icos-gel group than control (Figure 3C). As
seen in representative pictures and statistical results, compared with blank-gel, the regenerated epidermal thickness
around the wound edge in the Pd Icos-gel group was thicker than the control at day 2 to 4 post-treatment (Figure 3D),
indicating that Pd Icos-gel may promote keratinocytes proliferation. To confirm this effect, immunofluorescence double
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staining was performed for proliferative marker Ki67 and keratinocytes marker K14 on day 4 (Figure 3E). Consistently,
a much larger number of Ki67+K 14+ cells were observed in the Pd Icos-gel group than in the control group. Meanwhile,
the wounds treated with Pd Icos-gel also had markedly higher extents of collagen deposition compared with the wounds
receiving blank-gel treatments, as indicated by Masson’s trichrome staining (Figure 3F). All the above results strongly
demonstrate that Pd Icos-gel could effectively promote cell proliferation, especially for keratinocytes, thus facilitating
wound tissue repair.
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Epidermis forms the outermost layer and barrier of the skin. As previously shown, nanoparticles can penetrate the
stratum corneum easier, and cross the skin barrier.>* We wondered which layer of the skin Pd Icos NPs can penetrate,
accumulate and play a role in wound healing. So, we collect the wound tissue after Pd Icos-gel was treated for 6 days and
analyzed by using TEM. The incorporation of Pd Icos nanomaterials can be seen in TEM images (Figure S2). Pd Icos
nanomaterials of various sizes were found accumulating in the cytoplasm, vesicles, and numerous mitochondria of
keratinocytes in the basal layer and spinous layer. This indicates that the Pd Icos nanomaterials can penetrate deeply into
the cells of the epidermal basal layer. The details of biocompatibility and safety of Pd Icos nanomaterials were shown in

Figure S3.

Pd Icos NPs Promote the Cellular Proliferation of HaCaT Cells

Our in vivo studies have shown that the Pd Icos NPs can effectively promote the proliferation of keratinocytes around the
wound. Therefore, the biological activity of Pd Icos NPs on HaCaT cell proliferation was then examined. As shown in
Figure 4A, the cell proliferation curve indicated that 2.5ug/mL of Pd Icos NPs significantly promoted the proliferation of
HaCaT cells after 36h and 60h cultures compared with the controls. Then, we further explored the cell proliferation
process by the Edu fluorescence staining method. As shown in Figure 4B, Pd Icos NPs (2.5ng/mL) increased the positive
rate of Edu staining compared with the control. Similarly, the colonies formed assay showed a significant increase in the
number of colonies formed in the Pd Icos NPs treated group (Figure 4C). Previous studies showed AKT and STAT3
signaling pathway activation contribute to the proliferation of keratinocytes and skin wound regeneration.”>® Thus, we
wanted to investigate whether they were stimulated by the Pd Icos NPs treatment of HaCaT cells. Accordingly, the
STAT3 activation (p-STAT3) and the AKT activation (p-AKT) were significantly upregulated by stimulating with Pd Icos
NPs (Figure 4D). Together, our findings showed Pd Icos NPs can directly promote keratinocyte proliferation, which is an
important factor in wound healing.

>

control Pd Icos 2.5ug/ml  Pd Icos 5ug/ml

control
1ug/ml
2.5ug/ml
Sug/ml

* B

1.0

Ftodoe

% Edu* cells

0.5

OD value (450nm)

0 12 24 36 48 60 control 2.5pg/ml 5pg/ml

Time (h)
control _ D
- 150 15min  30min S5min  15min
% Pdlcos - + - + Pdlcos - + - +

o

control Pd Icos
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7 days. Scale bar: 500pum. (D) Pd Icos NPs induced STAT3 and AKT signaling activation. Sub-confluent HaCaT cells were starved for 12 hours and afterward treated with
2.5pg/mL Pd Icos NPs for 5 to 30 minutes. Phosphorylated STAT3 (pSTAT3) and phosphorylated AKT (pAKT) levels were detected by immunoblotting. These data
represent three separate experiments. The comparison between the two groups was performed by unpaired t-test, and the comparison between multiple groups was
performed by one-way ANOVA or two-way ANOVA. Data are presented as means = SEM (ns means P>0.05, *P<0.05, **P<0.01).
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Pd Icos NPs Promote Keratinocyte Proliferation and Wound Healing Through HBEGF
To further explore the molecular mechanism of Pd Icos NPs regulating keratinocytes proliferation and wound healing, we
first systematically screened a series of major growth factors and inflammatory factors affecting the proliferation of
keratinocytes and wound healing by detecting their mRNA levels in HaCaT cells and wound tissues treated with Pd Icos
NPs.>’% The results showed that incubation with Pd Icos NPs obviously increased the expression of HBEGF, beta
fibroblast growth factor (bFGF), and transformation growth factor- B (7GF-f) compared to control in HaCaT cells
(Figures SA and S4). Meanwhile, the mRNA levels of Hbegf were significantly increased in wound tissues treated with
Pd Icos NPs on days 1 to 6 after injury compared with the blank-gel treatment group, while the other growth factors did
hardly changed (Figures 6A and S5). To further support our observations, the protein levels of HBEGF in HaCaT cells
and wound tissues were detected. As the result shown in Figures 5B and 6B, both in vitro and in vivo, HBEGF protein

levels were upregulated by Pd Icos NPs.
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immunofluorescence staining of EdU (G) showing the effects of silenced HBEGF on cell proliferation induced by Pd Icos NPs. Scale bar: 50um. GAPDH is the loading
control. — indicates control group, + indicates 2.5ug/mL Pd lcos NPs treatment group. siNC: negative control group, siHBEGF: HBEGF-knockdown group. These data
represent three separate experiments. The comparison between the two groups was performed by unpaired t-test, and the comparison between multiple groups was
performed by one-way ANOVA. Data are presented as means + SEM. ns means P>0.05, **P<0.01, ***P<0.001, ***P<0.0001.

International Journal of Nanomedicine 2025:20 hetps: 3075


https://www.dovepress.com/get_supplementary_file.php?f=499289.docx
https://www.dovepress.com/get_supplementary_file.php?f=499289.docx

He et al

Therefore, we speculate that HBEGF could be regulated or act as the target molecule regulated by Pd Icos NPs. As
shown in Figure SC-E, HBEGF deficiency inhibited HBEGF expression and activation of AKT and STAT3 signaling
pathways induced by Pd Icos NPs. In addition, evidentially, the CCK-8 assay demonstrated that silencing HBEGF
showed decreased keratinocyte proliferation in the Pd Icos NPs-treated group (Figure 5F), and the Edu proliferation assay
showed similar results (Figure 5G). These results suggested that the HaCaT cell proliferation induced by Pd Icos NPs was
significantly inhibited by HEBGF knockout in vitro. To validate the regulatory mechanism of HBEGF in the wound
healing promoted by Pd Icos NPs, local cutaneous HBEGF knockdown with acute full-thickness skin excision wound
mouse model was constructed by intradermal injection of sShRNA and further treated by Pd Icos-gel (Figure S6). Initially,
we confirmed both at the mRNA and protein level that indeed HBEGF is downregulated. Consistent with our findings
in vitro, the expression of HBEGF in the Pd Icos-treated sShHBEGF group was significantly lower than the control group
(Figure 6C and D). Subsequently, we monitor the general situation of the wound and analyze the wound healing rate.
HBEGF knockdown could attenuate the accelerated wound healing process induced by Pd Icos gel (Figure 6E-H).
Together, Pd Icos NPs could facilitate keratinocyte proliferation by inducing HBEGF expression, which contributes to
accelerating skin wound healing.

The Promotion of HBEGF Expression by Pd Icos NPs Depends on SPI

Next, we sought to illustrate how Pd Icos NPs regulate the expression of HBEGF. According to the above results, we
speculated that the possible mechanisms underlying this process may be associated with the regulation of transcription
factors (TFs) of HBEGF.?>** We first predicted five potential transcription factors of HBEGF by using reliable
Transcription Factor datasets, including Cistrome DB, hTFtarget, ENCODE and humanTFDB. Venn diagram summariz-
ing the overlap of candidate TFs predicted from different bioinformatics algorithms (Figure 7A). Of them, EP300 is
known to be a cofactor that can complex with MYC and activate MYC.?! Hence, we examined the expression of SP1,
AP1, CTCF and MYC in Pd Icos NPs-treated HaCaT cells (Figure S7) and confirmed that Pd Icos only increased the
expression of SP1 (Figure 7B).

We then investigated whether SP1 expression was essential in the process of Pd Icos NPs promoting HBEGF
expression. We silenced SP1 by siRNA in HaCaT cells and treated them with Pd Icos NPs. The results confirmed that
both the mRNA and protein levels of HBEGF were apparently increased by Pd Icos NPs and were significantly
downregulated by SP1 knockdown (Figure 7C-E). Additionally, a CCK-8 assay was also performed and silencing SP1
indeed reversed the cell proliferation induced by Pd Icos NPs in HaCaT cells (Figure 7F). In conclusion, these results
indicate that the promotion of HBEGF expression by Pd Icos NPs depends on SP1.

Discussion

Recently, with the rapid advancement in nanotechnology, an increasing number of studies have reported that noble metal
nanoparticles represent special biological properties and exhibit obvious performance advantages in biomedical
applications.>>*> Especially, researchers have paid particular attention to their benefits for application in wound healing.
An extensive study has proposed that the size, morphology, surface ligands, or charge of metal nanoparticles play
a significant role in their selectivity, catalytic activity, and reusability.***> However, the specific impact of these
parameters on the biological effects and therapeutic efficacy of medicine remains inconclusive.’® Here, we revealed
the much better pro—wound healing properties of Pd Icos-gel in vivo compared with Pd Oct-gel. Pd Oct {111} with lower
surface energy has been reported to have higher antioxidant enzyme-like activities, and can protect cells from oxidative
stress-induced damage. Another study revealed that the tensile strain on the surface of Pd icosahedra is beneficial to the
formation of intermediates, leading to enhanced peroxidase-like activities than unstrained Pd Oct. This reminds us that
the antioxidant capacity of metal nanoparticles may be related to their ability to promote wound healing. Some
researchers found that doped metals (Au, Cu, Pd) on silver nanoparticles (Ag NPs) can improve the therapeutic effects
on antibacterial and wound healing, whereas Pd—Ag NPs showed the best enhancement effect They considered this

1.7 Previous studies have clearly that

attributed to Pd could tune the d band center largest upshift toward the Fermi leve
Pd icosahedra have a distinct tensile strain and upward shift of the d-band center of the surface atom mainly by the

combination of molecular dynamics (MD) simulations and density functional theory (DFT) calculations.’’** Our
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Figure 6 HBEGF deficiency reverses the wounds healing promotion induced by Pd Icos-gel. (A) RT-qPCR analysis showing the mRNA levels of Hbegf in vivo treated with Pd
Icos-gel for different days (n23 per group). (B) Western blot analysis of HBEGF expression of wound tissue treated with Pd Icos-gel for 4 days. (C—F) Local cutaneous Hbegf
knockdown with full-thickness skin wounds mice were treated with Pd Icos NPs (n=3 per group). The mRNA levels of HBEGF (C) and the protein level of HBEGF (D) in
wound tissue on day4. The mRNA levels of HBEGF (E) and the protein level of HBEGF (F) in wound tissue on day 4. HSP90 or GAPDH is the loading control. #1 and #2
represent different group. The gross view of wounds (E) from mice treated with blank-gel (control) or Pd Icos-gel (Pd) at the indicated time points and the rate of wound
closure (F) (n=4). (G) Representative H&E-stained images of wounds. (H) Immunofluorescence staining images for Kié7 (red) and K14 (green) in wounds and ratio of the
Ki67*/K14" cells on day 4 (n=3). Scale bar: 100um. Double-headed arrows indicate the scars. Scale bar: 500um. shNC: negative control group, shHBEGF: HBEGF-
knockdown group. These data represent three separate experiments. The comparison between the two groups was performed by unpaired t-test, and the comparison
between multiple groups was performed by one-way ANOVA. Data are presented as means * SEM. ns means P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7 Pd Icos NPs upregulate the levels of HBEGF by enhancing SP| expression. (A) Venn diagram summarizing the candidate transcription factors predicted from four
different bioinformatics algorithms. (B) The protein level of SP1 in HaCaT cells induced by Pd Icos NPs for 30min or Ih. (C) The mRNA level of SPI expression in HaCaT
cells after knockdown of SPI. (D and E) HaCaT cells with SP| knocked down were treated with Pd Icos NPs. RT-qPCR analysis showing the mRNA levels of HBEGF (2h)
(D), Western blot analysis showing the expression of SP1 (30min) and HBEGF (24h) (E). (F) CCK-8 assay showed the effects of silenced SP| on cell proliferation induced by
Pd Icos NPs. GAPDH is the loading control. —indicates control group, +indicates 2.5ug/mL Pd lcos NPs treatment group. siNC: negative control group, siSPI: SPI-
knockdown group. Data are representative of at least 3 independent experiments and are shown as mean * SEM. The comparison between the two groups was performed
by unpaired t-test, and the comparison between multiple groups was performed by one-way ANOVA. ns means P>0.05, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
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characterization results came to a similar conclusion in line with these earlier findings. Hence, we speculate this may also
be the reason for the superior performance of Pd Icos NPs than Pd Oct NPs. Although there is no definite conclusion and
requires further investigation, it is reminded that the surface strain or d-band center can also be used as an important knob
to design and tune the biological function of nanomaterials.

Previous research has mainly focused on the ability of these noble metal-based nanoparticles to catalyze the generation of
reactive oxygen species (ROS) and inhibit or kill bacteria in infected wounds. But in this research, we pay more attention to
whether they are possible to promote wound healing directly. Although keratinocytes proliferation and wound healing are
controlled by a wide variety of growth factors, cytokines and chemokines, we only detected an increase in HBEGF after Pd Icos
treatment. HBEGF is a transmembrane hydrolyzed protein that is first synthesized in a membrane-anchored form (pro-HBEGF),
and then shed into extracellular ssHBEGF and intracellular c-HBEGF structure. Previous studies revealed that the function of
HBEGF is related to the quantity of pro-HBEGF, which is a strict and complex regulation process.*® Early studies noted that the
secretion of HBEGF in wound keratocytes reached a maximum on days 2—3 and disappeared around 6 days.*® Normally, the
expression and interaction of HBEGF and EGFR in keratinocytes will not cause excessive proliferation on its own. After the skin
is traumatized, autocrine expression of HBEGF increased and activates EGFR, regulating cell proliferation, differentiation, and
migration through a variety of cell signaling pathways including AKT and STAT3 pathway.*® When the damaged epithelial layer
was fully restored, the interaction of proHBEGF with EGFR returned to a balanced state.*' Our study showed similar results that
Pd Icos NPs can promote HBEGF expression and lead to keratinocyte proliferation and skin wound healing. Besides, our results
show that wounds treated with Pd Icos-gel exhibited significantly higher levels of collagen deposition compared to controls
at day 4 post-injury. However, both granulation tissue formation and collagen deposition were usually notably increased
primarily at day 7 post-injury. More experiments are needed to assess the effect of Pd Icos on these processes during the
wound healing. Moreover, studies have found that HBEGF could promote retinal angiogenesis, vascular smooth muscle cell,****
and neuronal cell proliferation** in the form of paracrine secretion. This also suggests that Pd Icos NPs have the potential to
promote angiogenesis and neural immigration in wound regeneration. However, depth research is required to speculate and
confirm further whether Pd Icos NPs can directly modulate these wound healing—related biological processes.

SP1 is one of the most well-characterized transcriptional activators that control the activation of about 6000 genes. Its
target genes are mainly involved in cell proliferation and oncogenesis.** Previously, studies have indicated that SP1 is a crucial
transcription factor required for HBEGF expression.*® Likewise, we found that SP1 mediated the facilitation of Pd Icos on
HBEGF. Despite these findings, it remains unanswered the precise mechanism as to how PdNPs interact with SP1. Whether
there may be other target genes or regulatory mechanisms, still requires more investigations. The specific physiological
process of Pd Icos in cells and in vivo is also an interesting question to explore in future studies.

Conclusions

Pd Icos NPs can accelerate the healing of acute full-thickness wounds and are superior to Pd Oct NPs. For the first time,
we confirmed the therapeutic effect of Pd Icos NPs on skin wounds and elucidated its potential mechanism. In detail, Pd
Icos NPs increase the HBEGF expression by upregulating its transcription factor SP1, which in turn promotes the
keratinocytes proliferation through the activation of AKT and STAT3 pathways, and finally results in accelerating wound
healing. Notably, our findings demonstrated that Pd Icos NPs had superior biocompatibility in both in vitro and in vivo
experiments. Therefore, this work implied the promising prospect of Pd Icos NPs as a potential therapeutic candidate for

skin wound healing.
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