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Delayed or non-healing of diabetic wounds is a significant complication, often attributed to high glucose-
induced M1 macrophage accumulation, impaired angiogenesis, and reactive oxygen species (ROS) buildup.
Addressing this, we introduced a strontium polyphenol network microneedle patch (SrC-MPNs@MN-PP)
for percutaneous drug delivery. This patch, formulated with polymer poly(y-glutamic acid) (y-PGA) and

epsilon-poly-L-lysine (¢-PLL), incorporates strontium polyphenol networks (SrC-MPNs). The release of
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healing.

chlorogenic acid (CGA) from SrC-MPNs not only neutralizes ROS, but strontium ions also foster angiogen-
esis. Consequently, ST”C-MPNs@MN-PP can ameliorate the diabetic wound microenvironment and expedite

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetes represents a major public health challenge due to
its rising incidence and mortality rates, affecting millions glob-
ally [1,2]. Hyperglycemia in diabetics can manifest as various sys-
temic complications; these can further evolve into a myriad of lo-
cal lesions such as chronic inflammation [3], bacterial infections
[4,5], dysangiogenesis [6,7], and excessive buildup of reactive oxy-
gen species (ROS) [8,9], such complications often culminate in de-
layed or non-healing diabetic wounds. In extreme scenarios, this
could escalate to conditions like amputation, sepsis, and can be fa-
tal [10]. The pressing issue of non-healing diabetic wounds under-
scores the dire need for innovative therapeutic strategies in con-
temporary medical practice [11].

In treating diabetic wounds, clinicians often resort to silver
ion, chitosan, and bioactive dressings. For instance, while silver
ion dressings exhibit potent antibacterial efficacy in vitro, con-
cerns linger regarding their potential toxicity and adverse effects in
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humans [12]. Chitosan dressings are noted for their safety, proper-
ties. However, the poor solubility of chitosan hampers its broader
applications [13]. Some bioactive dressings, known for their anti-
inflammatory and pro-regenerative traits, but it has drug resis-
tance [14]. Our preliminary studies highlighted the efficacy and
biosafety of using polymer poly(y-glutamic acid) (y-PGA) as a
dressing combined with cell-free fat extract (CEFFE) for diabetic
wound care [15]. Further innovation was achieved by converting
y-PGA into soluble microneedles (MNs), which were specifically
developed for the treatment of diabetic wounds and hair regener-
ation. These MNs offer a controlled drug release mechanism and
boast commendable mechanical strength and regenerative capa-
bilities [16-18]. Furthermore, our research indicates that epsilon-
poly-L-lysine (¢-PLL) exhibits significant antibacterial activity and
biocompatibility. A novel adhesive hydrogel dressing, y-PGA/e-PLL
(PP), emerged from the union of y-PGA and ¢-PLL, capitalizing
on the ion-based physical interactions [19]. When applied to burn
wounds or tracheal mucosa, this dressing efficiently absorbs sur-
rounding tissue fluid, adhering to the wound to create a protec-
tive barrier and foster tissue regeneration [20,21]. On this basis, it
is considered that single treatment can not completely solve the
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problem of chronic wounds, our study amalgamates the virtues
of anti-inflammatory, antioxidant, and pro-regenerative bioactive
drugs to champion diabetic wound healing.

Chlorogenic acid (CGA), a bioactive dietary polyphenol derived
from various plants, stands out for its comprehensive biological at-
tributes, including anti-inflammatory, antioxidant, and antibacte-
rial activities [22]. However, the o-diphenol hydroxyl group in its
molecular structure is easily oxidized, and heat and light can cause
the loss of its biological activity, which leads to certain limitations
in its wide range of applications [23,24]. Building on this, metal-
lic ions such as Mg?*, Zn2+, Cu?*, and Sr®* are crucial trace ele-
ments in the human body. The proliferation and migration of hu-
man umbilical vein endothelial cells (HUVECs) and fibroblasts can
be improved by the presence of these ions, as evidenced by vari-
ous studies, and they also stimulate the secretion of angiogenesis-
associated factors [25].

In this work, we have developed a MN patch with a strontium
polyphenol network structure supported by bioactive CGA-based
strontium ions SrC-MPNs@MN-PP (Scheme 1). CGA and strontium
ions interact to form strontium polyphenol networks (SrC-MPNs),
which form a relatively stable structure. The MNs patches devel-
oped using the PP matrix not only retain their structural integrity
but also minimize tissue trauma during the delivery of drugs.
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Scheme 1. Schematic of the SrC-MPNs@MN-PP mechanism promoting healing in
diabetic wound healing (Image was created with BioRender).
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Fig. 1. Synthesis and properties of SrC-MPNs. (A) Schematic representation of SrC-MPN synthesis. (B) SEM image showcasing the self-assembly process of SrC-MPNs struc-
tures. (C) Elemental distribution within SrC-MPNs. (D) XRD patterns of SrC-MPNs powder. (E) Concurrent absorption profiles of Sr, CGA, and SrC-MPNs. (F) Cytotoxicity
assessment of SrC-MPNs on HUVECs across various concentrations (0, 50, 100, 200, 300, 400 ug/mL) over 48 h. Statistical evaluations were performed with n=3 replicates.
All experimental results were expressed as a mean =+ standard deviation (SD). **P < 0.01, ****P < 0.0001. ns, not significant.
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Earlier research has fused them with metal ions, creating
metallic polyphenol network structures. These not only protect
the polyphenol drugs but also significantly bolster the healing
of diabetic wounds. At pH 7, CGA and strontium ions were
self-assembled into SrC-MPNs (Fig. 1A) with biodiversity and
porous structure by hydrothermal method. Scanning electron mi-
croscopy (SEM) revealed the transition of SrC-MPNs from a singu-
lar sheet structure to a consistent spheroidal configuration, aver-
aging around 100pm in diameter (Fig. 1B). To validate the suc-
cessful synthesis of SrC-MPNs, element mapping was performed
by SEM scanning to determine the composition of SrC-MPNs. El-
ement mapping via SEM confirmed the uniform distribution of C,
0, and Sr elements within SrC-MPNs (Fig. 1C). To further corrob-
orate the synthesis of SrC-MPNs, powder synthesis was carried
out at 25, 50, and 75 °C. Notably, SrC-MPNs exhibited color vari-
ations depending on the synthesis temperature (Fig. S1 in Sup-
porting information). X-ray diffraction (XRD) detected character-
istic peaks consistently present across the different temperatures,
with peak intensities rising alongside temperature, denoting the
crystalline integrity of SrC-MPNs (Fig. 1D). Simultaneous absorp-
tion peaks for CGA and SrC-MPNs were observed at 334 nm (Fig. 1E
and Fig. S2 in Supporting information), and the wave peaks of
the two are similar in shape, but the wave peaks are displaced
and completely overlapping, suggesting the influence of metal
ions. As highlighted in Figs. S3A and B (Supporting information),
treating a specific Staphylococcus aureus concentration with SrC-
MPNs (500, 1000pg/mL) and sterile water showed a marked re-
duction in bacterial colony count, affirming the antibacterial prop-
erties of SrC-MPNs. It is noteworthy that at concentrations up to
300 pug/mL, SrC-MPNs exhibited no discernible cytotoxicity towards
HUVECs (Fig. 1F). As corroborated by previous research, the syn-
thesis methodology employed for SrC-MPNs effectively preserves
the biological activity of CGA. Furthermore, SrC-MPNs are distin-
guished by their unique structural features, stability, and com-
mendable biocompatibility.

For an effective treatment of diabetic wounds, targeted and ef-
ficient drug delivery to the affected skin regions is pivotal. Ide-
ally, a dressing with a certain amount of mechanical strength
and good solubility is required. The adhesive hydrogel PP, formed
through ionic interactions between the negatively charged acidic
polymer y-PGA and the positively charged alkaline polymer e-
PLL, offers such a potential. ST”C-MPNs@MN-PP were fabricated by
physically cross-linking SrC-MPNs with PP hydrogel using a poly-
dimethylsiloxane (PDMS) microneedle mold, as depicted in Fig. 2A.
Fig. 2B showcases the MN mold and the resultant MN patch,
highlighting a 10 x 10 MN array. Mechanical compression tests on
MN reveal its adequate mechanical strength to penetrate skin lay-
ers (Fig. 2C). SEM imaging depicts the pyramid-like form of SrC-
MPNs@MN-PP, emphasizing its uniformity, precise sharpness, and
orderliness, ensuring deep skin penetration and sustained drug re-
lease for wound healing (Fig. 2D). The moisture-absorbing prop-
erties of SrC-MPNs@MN-PP were evaluated by analyzing fluores-
cence microscopy images of fluorescence-labeled proteins (FITC-
BSA) loaded SrC-MPNs@MN-PP at various time intervals under 80%
humidity (Fig. 2E). The results indicate a controlled dissolution rate
for SrC-MPNs@MN-PP. When applied to mouse wounds, the MN
patch dissolved progressively, remaining attached to the wound
surface until complete healing. In summation, SrC-MPNs@MN-PP
emerges as a potential clinical dressing, offering mechanical re-
silience, superior moisture retention, effective barrier properties,
and precise drug delivery.

The eradication of excess ROS is pivotal for wound healing ac-
celeration, as evidenced by numerous studies [26]. Despite CGA’s
potent antibacterial, antioxidant, and anti-inflammatory properties,
its bioactivity often lacks stability [27]. The microsphere struc-
tures of SrC-MPNs, however, are designed to preserve CGA’s bioac-
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Fig. 2. Synthesis and attributes of SrC-MPNs@MN-PP. (A) Schematic outlining the
SrC-MPNs@MN-PP creation process. (B) Frontal, side, and tip views of the SrC-
MPNs@MN-PP microneedle structure. (C) Compressive strength analysis of SrC-
MPNs@MN-PP. (D) SEM characterization of SrC-MPNs@MN-PP. (E) Time-lapsed flu-
orescence imagery of SrC-MPNs@MN-PP within an 80% humidity environment at
ambient conditions.

tivity, thus enhancing wound healing potential. Through the em-
ployment of 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
as a ROS probe, the levels of ROS in the culture media were as-
sessed by measuring the intensity of green fluorescence, as de-
picted in Fig. 3A. Pronounced green fluorescence was observed
when Raw264.7 was exposed to a medium containing 3 mmol/L
H,0,. However, when Raw264.7 was cultured with various SrC-
MPNs concentrations or extracts of MN-PP and SrC-MPNs@MN-
PP (with 100pg/mL SrC-MPNs). A higher concentration of SrC-
MPNs results in a reduction of ROS fluorescence intensity when
subjected to the same 3 mmol/L H,0, stimulus. Particularly, cul-
turing in SrC-MPNs@MN-PP (with 100pg/mL SrC-MPNs) medium
demonstrated a marked reduction in ROS fluorescence (Fig. 3B).
To quantify the amount of ROS, Raw264.7 cells were stained with
the kit and collected for analysis by flow cytometry (Fig. 3C),
and the flow cytometry data were quantified (Fig. 3D). Collec-
tively, these findings underscore SrC-MPNs@MN-PP’s capability to
efficaciously mitigate excess ROS. To further validate the antioxi-
dant potential of SrTC-MPNs, fibroblasts were co-cultured with SrC-
MPNs and subsequently exposed to 3 mmol/L H,0,. An evident
positive correlation between SrC-MPNs concentration and fibrob-
last activity was discerned, corroborated by Fig. 3E. In the end,
after verifying the advantage of SrC-MPNs@MN-PP in reducing
ROS, the functionality of SrC-MPNs@MN-PP in inducing pheno-
typic changes in macrophages was further investigated. Raw264.7
cells were co-cultured with extracts from different treatments for
24h, using an untreated extract as the control. Through reverse
transcription quantitative real-time PCR (RT-qPCR), the mRNA ex-
pression of the M2 macrophage marker, Arg-1, was gauged. No-
tably, SrC-MPNs@MN-PP extract treatment significantly augmented
Arg-1 expression levels, suggesting an enhanced M2 repolarization
post-treatment (Fig. 3H). The specific primer sequences employed
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Fig. 3. Antioxidant and angiogenic assessments of SrC-MPNs@MN-PP. (A) After 24 h of treatment with SrC-MPNs (50, 100 ug/mL), LPS, MN-PP extract, SrC-MPNs@MN-PP
extract (containing approximately 100 pg/mL SrC-MPNs), or 10% serum medium (control group), ROS levels were assessed in Raw264.7 cells using DCFH-DA staining (green).
(B) Quantitative analysis of ROS generation corresponding to (A). (C) Flow cytometric analysis of ROS in Raw264.7 cells across treatments. (D) Statistical analysis of Raw264.7
cells after ROS fluorescence staining, corresponding to image (C). (E) Assessment of human dermal fibroblasts post 24 h co-culture with SrC-MPNs and 30-minute incubation
with 3 mmol/L H,0,; control group used 10% serum medium. (F) Quantitative metrics on junctions, nodes, and tube lengths across treatments. (G) Representative fluorescence
images of HUVECs and different treatment groups after co-culture for 6 h on the cured substrate. (H-J) RT-qPCR analyses of Arg-1, CD31, VEGF post 48-h treatments. Statistical
interpretations were drawn from n=3 samples per group; All experimental results were expressed as a mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

for RT-qPCR are detailed in Fig. S4 (Supporting information). Col-
lectively, these findings reinforce the notion that SrC-MPNs@MN-
PP not only mitigates excess ROS but also catalyzes the shift of MO
macrophages towards the pro-healing M2 phenotype, effectively
modulating the inflammatory milieu in diabetic wounds.
Angiogenesis plays a pivotal role in diabetic wound healing,
with key chemokines such as vascular endothelial growth factor
(VEGF) and CD31 driving this process. The in vitro angiogenic
potential of SrC-MPNs was evaluated using tube formation assays
as a surrogate measure for angiogenesis. The results show that
SrC-MPNs@MN-PP extract liquid composition tube has the most
pronounced effect, as depicted in Fig. 3G. Quantitative metrics like
intersection points, nodes, and tube lengths revealed significant
enhancement with SrC-MPNs@MN-PP compared to controls

(Fig. 3F). To further verify the advantages of SrC-MPNs@MN-PP
in promoting tube formation, real-time RT-qPCR was performed,
and the mRNA levels of vascular biomarkers (CD31 and VEGF)
were detected by RT-qPCR (Figs. 31 and ]). The expression of CD31
was markedly higher in the SrC-MPNs@MN-PP extract treatment
group when compared to the control group. Furthermore, there
was a slight increase in VEGF expression, although it did not
reach statistical significance. Collectively, these findings underscore
the promising in vitro angiogenic capacity of SrC-MPNs@MN-PP,
hinting at its potential efficacy in vivo.

Ideal medical dressings should not only provide therapeu-
tic benefits but also exhibit superior biocompatibility and mini-
mized cytotoxicity. The biocompatibility and cytotoxicity of SrC-
MPNs@MN-PP were evaluated in vitro. HUVECs were co-cultured



P. Li, Q. Liu, M. Pei et al.

Control

50 pg/mL SrC-MPNs 100 pg/mL SrC-MPNs

Chinese Chemical Letters 35 (2024) 109457

MN-PP SrC-MPNs@MN-PP

Control

50 ug/mL SrC-MPNs 100 pg/mL SrC-MPNs

MN-PP SrC-MPNs@MN-PP

Zin B

12h
MG N ]

S

S NRB=P RN AN

A

Sy

R m NN,

NEROYIN
R s

N RO VG

[

~/

PN

72

03 BEHEEC LNl

SIS s = REENNIN g TP ey 5

2
$
4
‘
Fo G
(L an =
AT G 7 N
e S { s ,
=t kS : i )
5 S £} 7 e g
= o3 oy T L3 3
o s 2 £ g \
~ Sy Ao 3 3\ ]
T Sy S 3 W 2
NN Y 2 o <
A SR % N T I
> S ) S ¥ X
2 ) 5 5 37 e
Control 50 pg/mL SrC-MPNs MN-PP ’ Control SrC-MPNs@MN-PP
100 pg/mL SrC-MPNs SrC-MPNs@MN-PP ‘E 3.5 50 pg/mL SrC-MPNs MN-PP
T Frees € 304 100 ug/mL SrC-MPNs ;+ -
8 o = -
= 100+ —— prvn 0
3 * o 25 .
@ - d = e perey ey ~
il =™ | axxn 2 204 R
e I =" & = o
3 T & > 15
3 50 . - = aane
H L © 101
waex amx
054 _ _ =1~
0.0

0 6 12 24
Time (h)

Time (day)

Fig. 4. In vitro assessment of biocompatibility, and the proliferative and migratory effects of SrC-MPNs@MN-PP. (A) HUVECs were co-cultured for 48h with extracts of
SrC-MPNs (50, 100 pg/mL), MN-PP, or SrC-MPNs@MN-PP (containing approximately 100 ug/mL SrC-MPNs). A medium supplemented with 10% serum served as the control.
Subsequently, cell viability was assessed using specific live/dead stains, with results visualized under fluorescence microscopy. B) Fibroblasts co-cultured with different
treatment groups were subjected to a scratch assay to evaluate cellular migration and regeneration. (C) Quantitative analysis of wound closure rates across various treatment
groups, corresponding to (B). (D) Proliferative responses of fibroblasts post-treatment were quantified by measuring optical density (OD) values over 1, 3, and 5 days. All
experimental results were expressed as a mean £ SD, n=3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

with different processing groups. Live/dead cell staining was per-
formed (Fig. 4A) to determine viability. Results confirmed that SrC-
MPNs@MN-PP exhibited strong biocompatibility and lacked cyto-
toxic effects. The cell scratch method was employed to gauge the
impact of different processing groups on cell migration and pro-
liferation. Compared to the control group, all treatment groups
notably enhanced cell migration and proliferation, with SrC-
MPNs@MN-PP showing the most pronounced effects (Figs. 4B and
C). In summary, STC-MPNs@MN-PP has excellent biocompatibil-
ity in vitro and promotes cell proliferation and migration, which
is expected to find applications in the medical industry in the
future. The biocompatibility of SrC-MPNs@MN-PP was evaluated
by measuring the absorbance optical density (OD) values of fi-
broblasts at 1, 3, and 5 days using the cell counting kit-8 (CCK-
8) assay. The experimental results show that SrC-MPNs@MN-
PP exhibit no significant cytotoxicity and good biocompatibility
(Fig. 4D).

To evaluate the effectiveness of SrC-MPNs@MN-PP in wound
healing, a diabetic mouse model was created with an incision.
The experimental procedures were carried out in compliance with
the institutional regulations for the care and utilization of labo-
ratory animals and protocols, which were sanctioned by the Ani-
mal Care and Use Committee of Shanghai Ninth People’s Hospital.
After surgery, mice were divided into four groups: control group,
SrC-MPNs powder, MN-PP, and SrC-MPNs@MN-PP. Wound progres-
sion in different treatment groups was monitored at day 0, 3, 5,
7, 11, 15, and 17 (Fig. 5A). It was observed that the MN patch
melted once applied to the wound and remained in place until
the wound healed. By day 17, the wounds in the SrC-MPNs@MN-PP
group were mostly healed, whereas those in other groups were not
fully recovered. The percentage of wound area on different days
was quantified (Fig. 5B). While all treated groups showed improved
wound healing compared to the control, the SrC-MPNs@MN-PP
group was notably more effective.
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Fig. 5. In vivo wound healing promotion in diabetic mice by SrC-MPNs@MN-PP mi-
croneedle patches. (A) Diabetic rats were treated with different interventions (SrC-
MPNs, MN-PP, SrC-MPNs@MN-PP) applied to the wound surface, while a control
group received no treatment. Representative images were captured at 0, 3, 5, 7, 11,
15, and 17 days, respectively. (B) The wound healing rate was assessed for each
treatment group, corresponding to the aforementioned images (A). Statistical anal-
ysis was conducted with n=3 samples per group. All experimental results were
expressed as a mean % SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The transition of macrophages from the inflammatory M1 phe-
notype to the pro-healing M2 phenotype is a critical step in
wound healing. The aim of this study was to investigate the po-
tential of SrC-MPNs@MN-PP in modulating the transition of di-
abetic wounds. Wound tissue samples were collected from vari-
ous treatment groups, and the expression of macrophage markers
CD638, inducible nitric oxide synthase (iNOS), and CD206 was eval-
uated through immunofluorescence staining. The CD68/iNOS dou-
ble staining images (Fig. S5A in Supporting information) and the
quantification of CD68* iNOS* cell count (Fig. S5B in Support-
ing information) on day 3 revealed that the treatment with SrC-
MPNs powder, MN-PP, and SrC-MPNs@MN-PP led to a significant
reduction in M1 polarization, as compared to the control group.
The M1 polarization in the control group increased by 2.44-, 1.60-,
and 2.87-fold compared to the treatment groups (SrC-MPNs, MN-
PP, and SrC-MPNs@MN-PP), respectively. SrC-MPNs is also 1.18-fold
higher than SrC-MPNs@MN-PP powder (Fig. S5B). On day 7, the
M1 polarization in the control group increased by 2.77-, 1.77- and
3.70-fold compared to the treatment groups, respectively, and SrC-
MPNs is also increased 1.34-fold compared with SrC-MPNs@MN-PP
powder (Fig. S5B). In addition, on day 17, the M1 polarization in
the control group increased by 1.93-, 1.71- and 2.18-fold compared
to the treatment groups, respectively. ST”C-MPNs is also increased
by a factor of 1.34-fold compared to SrC-MPNs@MN-PP powder. In
conclusion, while all treatment groups displayed a shift towards
a reduction in M1 macrophages, the SrC-MPNs@MN-PP group was
the most effective.

After assessing M1 macrophages, our focus shifted to M2 re-
polarization, which is a critical phase in the process of wound
healing. Using CD68/CD206 double staining, the M2 repolarization
was assessed (Fig. S6A in Supporting information). By day 3, the
SrC-MPNs powder, MN-PP, and SrC-MPNs@MN-PP groups demon-
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strated increases in M2 repolarization of 2.79-, 3.38-, and 5.90-fold,
respectively, compared to the control. Notably, SrC-MPNs@MN-
PP exhibited a 2.11-fold increase over the SrC-MPNs powder. On
day 7, the M2 repolarization of SrC-MPNs powder, MN-PP and
SrC-MPNs@MN-PP group increased by 1.78-, 1.60- and 2.18-fold,
respectively, and SrC-MPNs@MN-PP increased by 1.23-fold com-
pared with SrC-MPNs powder (Fig. S6B in Supporting informa-
tion). On day 17, the enhancement effect of SrC-MPNs powder, MN-
PP and SrC-MPNs@MN-PP on repolarization was the same, which
was 1.45-, 1.46- and 1.91-fold, respectively, and SrC-MPNs@MN-PP
was 1.31-fold higher than that of SrC-MPNs powder (Fig. S6B). In
essence, STC-MPNs@MN-PP not only reduced M1 macrophage po-
larization but also significantly amplified M2 repolarization, show-
casing its potential in promoting wound healing.

To assess tissue regeneration and repair, various staining tech-
niques were utilized in our study. Hematoxylin-eosin staining
(H&E) revealed granulation tissue formation and allowed for the
measurement of tissue levels, as well as the observation of ep-
ithelial repair processes (column 1 of Fig. S7A in Supporting in-
formation). By day 17, the SrC-MPNs@MN-PP group exhibited fully
formed epithelium, while the control and other treatment groups
showed incomplete epithelial healing, as denoted by black ar-
rows. In addition, collagen fibers and muscle fibers were detected
and distinguished by Masson tricolor staining by staining collagen
fibers in animal tissues blue, muscle fibers red, and cell nuclei blue
(Fig. S7A, column 2). SrC-MPNs@MN-PP better enables tissue colla-
gen deposition, promoting wound healing and good tissue remod-
eling.

Furthermore, immunofluorescence staining was used to as-
sess tissue regeneration, marking cell proliferation and capillaries
with CD31 and Ki67, respectively (Fig. S7D in Supporting infor-
mation). Quantitative analyses demonstrated a substantial increase
in capillary density and cell regeneration in the SrC-MPNs pow-
der, MN-PP, and SrC-MPNs@MN-PP groups compared to controls
(Figs. S7B and C in Supporting information). The experimental re-
sults demonstrate that compared to the control group, the cap-
illary density in SrC-MPNs powder, MN-PP and SrC-MPNs@MN-
PP groups increased by 1.20-, 1.19- and 1.70-fold, respectively. The
SrC-MPNs@MN-PP group is 1.36-fold that of SrC-MPNs powder. In
addition, by quantifying the number of regenerated cells, the SrC-
MPNs powder, MN-PP, and SrC-MPNs@MN-PP groups increased by
1.79-, 2.22-, and 2.80-fold, respectively, compared to the control
group. The SrC-MPNs@MN-PP group is 1.56-fold more abundant
than the SrC-MPNs powder. Collectively, these results signify that
SrC-MPNs@MN-PP markedly bolsters in vivo tissue regeneration,
presenting enhanced wound healing, tissue regeneration, and an-
giogenesis over control or single treatment methods.

In summary, SrC-MPNs@MN-PP combines the therapeutic
power of SrC-MPNs to accelerate wound healing. Key findings in-
clude: (i) Effective deep transdermal delivery by SrC-MPNs@MN-
PP, ensuring a sustained drug release. (ii) Comprehensive in vivo
and in vitro evaluations revealed the antioxidant attributes of SrC-
MPNs@MN-PP, along with its potential to foster cell proliferation,
migration, and tissue regeneration. (iii) SrC-MPNs@MN-PP patch
has hygroscopic properties, absorbs excess tissue penetrant fluid
on the wound surface, and is applied to the wound surface until
the wound is healed to isolate the wound from the external envi-
ronment. Overall, ST”C-MPNs@MN-PP presents a promising strategy
to expedite the healing of diabetic wounds through its multifunc-
tional therapeutic attributes.
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