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A microenvironment-modulating dressing
with proliferative degradants for the healing
of diabetic wounds

Lianghui Cheng 1,4, Zhiyong Zhuang1,4, Mingming Yin 1, Yuan Lu1, Sujuan Liu1,
Minle Zhan1, Liyuan Zhao1, Zhenyan He1, Fanling Meng 1,2,3 ,
Sidan Tian 1,2 & Liang Luo 1,2,3

Diabetic wounds are usually entangled in a disorganized and self-perpetuating
microenvironment and accompanied by a prolonged delay in tissue repair.
Sustained and coordinated microenvironment regulation and tissue regen-
eration are key to the healing process of diabetic wounds, yet they continue to
pose a formidable challenge.Herewe report a rational double-layereddressing
design based on chitosan and a degradable conjugated polymer poly-
diacetylene, poly(deca-4,6-diynedioic acid) (PDDA), that can meet this intri-
cate requirement. With an alternating ene-yne backbone, PDDA degrades
when reacting with various types of reactive oxygen species (ROS), and more
importantly, generates proliferative succinic acid as a major degradant.
Inheriting from PDDA, the developed PDDA-chitosan double layer dressing
(PCD) can eliminate ROS in the microenvironment of diabetic wounds, alle-
viate inflammation, and downregulate gene expression of innate immune
receptors. PCD degradation also triggers simultaneous release of succinic acid
in a sustainablemanner, enabling long-termpromotionon tissue regeneration.
We have validated the biocompatibility and excellent performance of PCD in
expediting the wound healing on both diabetic mouse and porcine models,
which underscores the significant translational potential of this micro-
environment-modulating, growth-promoting wound dressing in diabetic
wounds care.

Diabetic wounds are open sores or ulcers that occur in 15–25% of
patients with diabetes1,2, and they are prevalent and highly morbid—
approximately 20% of the patients with diabetic wounds will undergo
lower extremity amputation3 and 13% of themwill pass away within one
year of diagnosis without proper care4. In diabetic wounds, inflamma-
tion persists throughout the remodeling stage5, preventing the wounds
from healing the way they should. The continuing inflammation in

diabetic wounds is linked to the infiltration of immune cells that secrete
inflammatory cytokines and proteases6, initiating the production of
reactive oxygen species (ROS)7 and tissue damage8. The elevated oxi-
dative stress thus impairs crucial wound healing processes including
angiogenesis, collagen deposition, and tissue regeneration, so that the
pace of wound healing is hindered9,10. The prolonged and intricate
course of diabetic wounds is characterized by the recurrent localized
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inflammation and the delayed tissue repair. As a result, treating diabetic
wounds presents significant challenges, which requires sustained and
effective modulation of the erratic local inflammatory microenviron-
ment over the long term, and at the same time, precisely regulates
tissue growth based on real-time variations in the microenvironment.

Functional dressings are prevalently used to facilitate wound
healing and prevent infection11–14. Many existing dressings for diabetic
wounds are devoted to mitigating inflammation15–17, involving ROS
elimination18–20, chronic infection reduction21,22, or direct immunity
modulation23,24. Other dressing strategies focus on enhancing tissue
regeneration25–27, usually by incorporating proliferative molecules28,29

or embracing mechanical modulation30 and electric stimulation31 to
promote proliferation. Moreover, for dressings that integrate multiple
functional components to realize simultaneous anti-inflammatory and
tissue regeneration32–34, they are facing difficulties in achieving long-
term coordination of individual components within the chaotic
microenvironment of diabetic wounds. Therefore, dressings that can
modulate thewoundmicroenvironment while generating proliferative
molecules in a correlated manner are essential for diabetic wound
treatment.

Here, we create a double-layered, microenvironment-modulating
dressing that can accurately eliminate ROS and release proliferative
degradants during the healing course of diabeticwounds. Thedressing
is composed of a layer of hydrophilic conjugated polymer poly(deca-
4,6-diynedioic acid) (PDDA, Fig. 1a)35, which can react with ROS gra-
dually due to its alternating ene-yne chemical structure36–41. The
dressing therefore possesses a long-acting ability to scavenge ROS in
thewoundmicroenvironment.More strikingly, themajor degradant of
PDDA when interacting with various ROS is proved to be succinic acid
(SA)36, a pivotal proliferative molecule in energymetabolism for tissue
repair and regeneration42–44. Therefore, PDDA has the potential to
tailor diabetic wound treatment by promoting tissue proliferation
while modulating the unpredictable inflammatory microenvironment.
The supporting layer of the dressing ismade of chitosan (CS), a natural
polysaccharide known for its hemostatic and antibacterial features45–47

(Fig. 1a). PDDA-CS double layer dressing (PCD) exhibits good hydro-
philicity and porosity, which is important for hemostasis. Through its
degradation, PCD can clear ROS, modulate the wound microenviron-
ment on demand, and simultaneously generate succinic acid to foster
tissue regeneration (Fig. 1b). We have validated the excellent
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Fig. 1 | Design and mechanism of PCD. a The structure of PCD. b Schematic illustration of PCD for diabetic wound healing by attenuating hemorrhage, modulating
microenvironment, and promoting vascularization. Parts of b were created with BioRender.com.
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performance of PCD on both diabetic mouse and porcine models, in
which PCD significantly speeds up the wound healing process,
underscoring the significant translational potential of this straight-
forward material design.

Results
PDDA eliminates ROS and generates proliferative degradants
We first evaluated whether PDDA could be used to eliminate the high-
level ROS in the wound area, and generate degradants that promote
angiogenesis and tissue regeneration in diabetic wounds (Fig. 2a). The
main ROS generated in various types of cells include superoxide
radical (·O2

−), hydroxyl radical (·OH), andhypochlorite ion (ClO−)10, and
we examined the clearance of these ROS by PDDA via an assay kit (for
·O2

−) or using 3,3′,5,5′-tetramethyl benzidine (TMB) as an indicator (for
·OH and ClO−). PDDA could eliminate all these ROS in a dose-
dependent manner (Fig. 2b–d). Further analysis of PDDA degradants
through 1H NMR (Fig. 2e), 13C NMR (Fig. 2f), and high-resolution mass
spectroscopy (Fig. 2g) confirmed that SA was the primary product of
the reaction between PDDA and these ROS36.

To assess the role of PDDA degradants, succinic acid in the
majority, in energy metabolism for tissue repair and regeneration, we
conducted scratch wound healing assay on human umbilical vein
endothelial cells (HUVECs) that are essential for wound healing and
vascularization48. The PDDA degradants as well as succinic acid sig-
nificantly promoted the migration of HUVECs and induced faster clo-
sure of scratch gap compared with the control (Fig. 2h and
Supplementary Fig. 1), suggesting that they could enhance themobility
of HUVECs. We further studied the effect of PDDA degradants on
angiogenesis by measuring the expression of relevant genes by real-
time quantitative polymerase chain reaction (RT-qPCR). The results
demonstrated that treating the cells with either PDDA degradants or
succinic acid could significantly upregulate the expression of VEGFA
and Angpt2 (Fig. 2i), which were important to regulate vascular devel-
opment and maintenance, implying that PDDA degradants had similar
effects on cell migration and angiogenesis as succinic acid. Following
this, we conducted additional assessments of the effects of PDDA
degradants on cell mobility and vessel-forming capability using trans-
well migration and Matrigel tube formation assays. Our data revealed
that the degradants could significantly enhance HUVECs’ migration
and tube lengthwhen compared to the control (Fig. 2j, k). These results
collectively evidenced that the degradants of PDDA upon scavenging
ROS are effective in promoting cell migration and angiogenesis.

Fabrication and characterization of PCD
The efficient ROS elimination effect of PDDA and its proliferative
degradants inspired us to fabricate a PDDA-based dressing for the
healing of diabetic wounds. In addition to the PDDA layer,weprepared
a supporting layer of CS to increase the mechanical property of PDDA
as well as to endow the dressing with additional properties of
hemostasis and antibacterial. The dual layers of the dressing well
adhered to each other through electrostatic and hydrogen bonding
interactions, and the PDDA layer was exposed to the tissue when
applying the dressing for diabeticwounds. As shown in Fig. 3a, afilmof
CS appeared colorless and transparent, whereas the PCD exhibited an
overall red and opaque appearance, given the large π-conjugated
backbone in PDDA. Interestingly, the CS film was fragile and could
easily breakwhen bent. As a comparison, PCDwasmore flexible with a
bettermechanical property. Since CSwas commonly used as bandages
after being treatedwith alkaline, we employed alkaline-soakedCS (CN)
as a control in the study. The CN film exhibited a much better folding
endurance (Fig. 3b), tensile strength (Fig. 3c), and maximum load
(Fig. 3d) than both the CS film and PCD (Supplementary Fig. 2), but
demonstrated a similar Young’s modulus (Fig. 3e) to the CS film.

The mechanical properties of the CN film were consistent with its
densely compact cross-section as revealed by the scanning electron

microscopy images (Fig. 3f). As a comparison, the cross-section of the
CSfilmwas relatively loosewith spreading cracks, indicating itsweaker
mechanical strength. Interestingly, the cross-section of PCD demon-
strated two distinct layers, one CS layer that displayed no crack and a
more compact structure than the CS film and another PDDA layer that
was loose with a rough surface (Fig. 3f and Supplementary Fig. 3). The
abundant hydrogen bonds and electrostatic interactions between the
carboxyl groups on PDDA and the amine groups on CS (Supplemen-
tary Fig. 4) made the two layers closely attached to each other.
Moreover, PCD exhibited a lower contact angle (47.83° ± 0.62°) than
CS (72.67° ± 1.25°) and CN (91.33° ± 0.47°) films in the contact angle
measurement, suggesting a significantly enhanced hydrophilicity
(Fig. 3g, h). PCD also presented a higher swelling ratio (Fig. 3i) and
porosity (Fig. 3j) than CS and CN films, which were essential for
moisture control, gas exchange, and hemostasis in the wound healing
process. As expected, PCD also inherits the ROS response degradation
property of PDDA, and the degradation of the PCD accelerated when
the ROS level increased (Supplementary Fig. 5).

Hemostasis, antibacterial, and ROS scavenging
properties of PCD
Hemostasis represents the initial and crucial phase of wound healing.
In vivo, the hemostatic performance of CS films, CN films, and PCDwas
evaluated by the amount of bleeding and hemostatic time in the
mouse liver injury model. All groups displayed significant hemostatic
effects, resulting in a reduction in bleeding compared to the control
(Fig. 4a). However, the CN films exhibited higher blood loss (Fig. 4b)
and required a longer hemostatic time (Fig. 4c) than the CS films and
PCD. Similar results were observed in a mouse tail injury model
(Supplementary Fig. 6). The relatively poor hemostatic properties of
CN films are positively correlated with their reduced hydrophilicity
and diminished swelling capacity.

Due to the broad-spectrum antimicrobial properties of CS mole-
cules, we tested the antimicrobial characteristics of the films. Through
co-culturing of the films with Staphylococcus aureus (S.aureus) and
Escherichia coli (E.coli), the bacterial colony counts exhibited a
noticeable reduction (Fig. 4d and Supplementary Fig. 7), which indi-
cates the antibacterial capacity of thewounddressings originates from
the releasing of CS molecule. Therefore, CN films, with significantly
slower hydrolytic degradation properties compared to CS films and
PCD (Fig. 4e), the extraction solution displayed a weaker inhibitory
effect on both S.aureus (Fig. 4f) and E.coli (Supplementary Fig. 8). Cell
biocompatibility and hemolysis are crucial parameters for evaluating
wounddressings. The cell biocompatibility of thefilmextract solutions
was assessed using normalmouse fibroblasts NIH3T3 cells, and no cell
toxicity was observed (Fig. 4g). Additionally, all the extract solutions
exhibited hemolysis ratios of less than 3.0%, and the color of all film
groups was transparent (Fig. 4h). Furthermore, we also assessed the
biocompatibility of wound dressings in vivo, the H&E staining results
showed no pathological changes in these major organs (Supplemen-
tary Fig. 9). Collectively, this suggests excellent biocompatibility of the
films, making them a safe choice for wound dressings.

The elimination of ROS and the responsive degradation into
proliferative SA form the basis of PCD. The clearance of ROS by PCD
was quantified by TMB, using its time-dependent absorbance change
at 652nm in the presence of H2O2 (300μM) and Fe2+ (300nM). PCD
could completely eliminate ROS (Fig. 4i), whereas CS film and CN film
exhibited no clearance of ROS. To confirm the degradation of PCD by
the microenvironmental ROS and the subsequent release of SA, we
further analyzed the kinetics of the degradation of a PDDAmembrane
and concurrent SA generation in response to a simulated micro-
environment ROS level. In 1H NMR analysis, the relative area of the
proton signal at 2.41 ppm for various masses of succinic acid was
determined, utilizing theprotonpeakofDMSO (0.25mg) as an internal
reference (Supplementary Fig. 10a). DMSOwas selected as the internal
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reference due to its common use as a solvent in NMR, its miscibility
with water, non-volatility, pH insensitivity, clear NMR signals, and
absence of overlapwith target peaks. The standard curve of integrated
area relative to the mass of succinic acid was calculated accordingly
(Supplementary Fig. 10b). SA was released in the presence of ROS, but
no SAwas generated in the absence of ROS (Fig. 4j, k). The release rate
of SA was accelerated in the presence of ROS and slowed down during
ROS-free phases (Supplementary Fig. 11). Upon stimulation with dif-
ferent concentrations of ROS, the quantity of succinic acid is positively
correlated with the concentration of ROS, while its release ceased in
the absence of ROS (Fig. 4l). These findings collectively suggested that
PCD, with antimicrobial and hemostatic properties, could effectively
eliminate ROS in the wound microenvironment and simultaneously
release SA that was favorable for tissue regeneration, which was ideal
to deliver treatment tailored to the specific conditions in the localized
microenvironment.

Wound healing efficacy in diabetic mouse model
To test the efficacy of PCD in healing diabetic wounds, a diabetic
mouse model was established by injecting streptozotocin (STZ)
intraperitoneally at two weeks prior to the study (Fig. 5a). The mice
were considered diabetic when their fasting plasma glucose levels
were higher than 11.1mM49 (Fig. 5b), and an 8-mm-diameter full-
thickness skin wound was made on the dorsum of each mouse. As
shown in Fig. 5c, the ROS levels at the wound site of the diabetic mice
were significantly higher than that of the healthymice, assessedusing a
red fluorescent ROS probe dihydroethidium (DHE). The diabetic
mouse wounds were treated with commercially available alginate-
based dressings that are used in clinical settings (Clinical), CS films, CS
membranes loaded with succinic acid (CA films), CN films, and PCD
respectively, while the mice receiving no treatment served as controls
(Ctrl). The mice treated by PCD exhibited a significantly faster healing
rate than those receiving other treatments (Fig. 5d). Specifically, PCD
achieved around 80%wound closure on Day 12, in contrast to ~30% for
the control, clinical, and CN films, and only 20% for CS films and CA
films (Fig. 5e). Notably, the recovery process of the CN-treated group
appeared to be even slower than the control group during the first
6 days, possibly because that the strongmechanical strength and poor
degradation capability of CN films could impede the progress of
wound healing.

To assess the ability of PCD to relieve oxidative stress in vivo, we
measured the ROS levels in the regenerated tissues by DHE staining. In
the granulation tissues of the mice in the Control, Clinical, CS film, CA
film, andCN film groups, bright redfluorescence of DHEwas observed,
indicating the existence of large quantities of ROS. In sharp contrast,
the mice treated by PCD showed almost no red fluorescence in the
regenerated tissues (Fig. 5f), both CLSM images and fluorescence
quantification demonstrating a robust mitigation of oxidative stress
in vivo. Since the ROS level was closely associated with the inflamma-
tion in the wound microenvironment, we examined the mRNA
expression of key proinflammatory cytokine IL-1β and oxidative
damage marker 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the gran-
ulation tissues, and PCD significantly downregulated the expression of
IL-1β (Fig. 5g) and 8-OHdG (Supplementary Fig. 12). Additionally, PCD
significantly increased the ratio of M2/M1 macrophages (Supplemen-
tary Fig. 13), further confirming its ability to modulate the micro-
environment.Moreover, the hematoxylin and eosin (H&E) staining and
Masson’s trichome staining demonstrated that thewounds of themice
treated by PCD formed complete and uniform dermal and epidermal
structures on Day 12, whereas the mice in other groups showed loose
and incomplete structure of the epidermis anddermis (Supplementary
Fig. 14). Interestingly, the Masson staining and picrosirius red staining
image of the PCD group showed a distinctly visible fibrous structure,
indicating high collagen expression and suggesting tissue repair
(Fig. 5h and Supplementary Fig. 15). Furthermore, PCD-treatedwounds

were populated by CD31+ vascular endothelial cells (Fig. 5i), which was
essential to promote angiogenesis during the healing process. In
addition, the mRNA expression of vascularization-related VEGFA
(Fig. 5j) and collagen deposition-related α-SMA (Fig. 5k) was also the
highest in the PCD group. Since the major degradant of PCD after
interacting with ROSwas succinic acid, the above results firmly proved
that PCD could effectively annihilate the high level of ROS at the dia-
betic wound site while simultaneously releasing proliferative mole-
cules to promote tissue regeneration and vascularization.

Wound healing efficacy in a diabetic porcine model
To further validate the efficacy and translational potential of PCD in
diabetic wound healing, we employed a diabetic porcine model, the
skin structure and wound healing process of which closely resembled
that of human50 (Fig. 6). Diabetes was induced in 2 Bama pigs through
intravenous STZ injection, as monitored by the fasting blood glucose
level. After being in a diabetic state for 2 weeks, an array of square full-
thickness wounds (1.5 cm in side length) was created on both sides of
the dorsum on each pig (Fig. 6a) and treated with Clinical, CS films, CA
films, CN films, and PCD, respectively. During the whole healing pro-
cedure, the wounds treated by PCD demonstrated expedited wound
area shrinkage compared to those by other treatments (Fig. 6b). Since
the change in wound volume was a more accurate evaluation for the
healing process, we measured the wound depths and assessed the
change in eachwound volume (Fig. 6c).Markedly, PCD showed amore
pronounced volume reduction compared to the other groups onDay 3
and Day 6 (Fig. 6d).

The histological analysis of the porcinewounds at the endpoint of
the study (Day 18) revealed the difference in tissue integration and
pathological conditions among different treatment groups. From the
H&E staining images (Fig. 6e), in the granulation tissues of the wound
sites treated by Control, Clinical, CS, CA, and CN groups, there existed
dense clusters of inflammatory infiltrates. In contrast, in the PCD-
treated wounds, the granulation tissues were uniformly distributed
and exhibited much fewer inflammatory cells. Phenotypes such as
peritonitis and necrobiosis were observed in the Control, CS, CA, and
CN groups, and hemorrhage occurred in the Clinical group, whereas
they were absent in the PCD group, further proving a lower immune
response in the wounds treated by PCD. To further explore the effect
of PCD on various aspects of skin repair and restoration, H&E and
Masson images were subjected to a blinded semiquantitative evalua-
tion (Fig. 6f, scoring criteria are provided in Supplementary Table 1).
PCD-treated wounds obtained the highest scores in granulation tissue
quality, collagen formation, and epithelialization, as well as the lowest
score in inflammation (Fig. 6f and Supplementary Fig. 16). Therefore,
the total wound healing score of PCD-treatedwounds was significantly
higher than wounds treated by other methods, evidencing the recon-
struction of dermal architecture and wound healing quality by PCD.

The oxidative stress in the wound sites was further examined by
DHE staining. In the diabetic porcine wounds treated by PCD, the
oxidizedDHEfluorescencewas significantlyweaker compared toother
groups, confirming the effective clearanceofROSbyPCD in thewound
microenvironment (Fig. 7a and Supplementary Fig. 17). Additionally,
PCD was effective in downregulating the mRNA expression of TLR-4, a
major receptor involved in inflammation (Fig. 7b). PCD also led to a
significant reduction in the expression of the proinflammatory tran-
scription factor NFκB in diabetic porcine wounds (Supplementary
Fig. 18), further reaffirming the role of PCD in alleviating inflammation
through ROS elimination. To validate the effect of succinic acid-
containing degradants of PCD upon eliminating ROS, we assessed
Mason’s staining and picrosirius red staining image of each wound. As
anticipated, the PCD-treated wounds also exhibited higher collagen
deposition with tightly arranged fibers (Fig. 7c and Supplementary
Fig. 19). We also evaluated the impact of PCD on the gene expression
that associated with granulation tissue proliferation and the
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remodeling processes of wound healing (Fig. 7d). PCD treatment sig-
nificantly upregulated the expression of FGF2, thereby promoting cell
proliferation and differentiation to facilitate skin wound granulation
and re-epithelialization. The expression of VEGFA and Col-1 were also
upregulated in PCD-treated wounds, confirming that PCD degradants
could aid vascularization and collagen production during wound
healing.

Discussion
Deviating from the sequential recovery observed in acute wound
healing, the healing process of diabetic wounds is usually entangled in
a disorganized and self-perpetuating inflammatory phase6. The
heightened inflammation in diabetic wounds creates a harsh micro-
environment that hinders the healing process, accompanied by a
prolonged delay in tissue repair5. Consequently, effective diabetic
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wound management involves both the sustained control of the
unpredictable local inflammatory microenvironment over an exten-
ded period and the precise orchestration of tissue growth. Compared
with contemporary strategies that integrate multiple functional
elements15,32,33, it is of great interest that the coordination of inflam-
mation alleviation and tissue regeneration can be achieved by PDDA, a
conjugated polymer that can eliminate various types of ROS and
simultaneously generate proliferative succinic acid as a product of its
oxidation reaction. On this basis, we have developed a rational dres-
sing design PCD incorporating both PDDA and CS to meet the
requirements of diabetic wound healing. With excellent biocompat-
ibility, PCD inherits the capability of PDDA to eliminate ROS, down-
regulate gene expression of innate immune receptors, and responsive
release of succinic acid. As a result, it contributes to homeostasis,
provides on-demand microenvironment modulation, and accurately
promotes tissue regeneration, ultimately expediting the healing of
diabetic wounds in both diabetic mouse and porcine.

Up to now, the commercial products for treating diabetic foot
ulcers mainly incorporate different agents, such as growth factors
(Becaplermin), fibroblast (Dermagraft), keratinocytes and fibroblasts
(Apligraf), or extracellular matrix (Integra Dermal Regeneration Tem-
plate) to modulate the diabetic environment11,51. However, the pro-
portion of non-responding patients remains significant11,51–55.
Combination dressing therapy brings pivotal opportunities for dia-
betic wound healing, in that it enables simultaneousmodulation of the
intricate microenvironment and promotion of delayed tissue regen-
eration. However, challenges persist in determining the optimal timing
for the delivery of each component in combinational dressings. Our
streamlined approach avoids the incorporation of multiple compo-
nents as well as costly biology-derived elements6, offering a straight-
forward yet effective strategy for diabetic wound care with significant
translational advantages.

Methods
Ethics statement
Themice experiments were approved by the Institutional Animal Care
and Ethic Committee of Huazhong University of Science and Tech-
nology ([2022] IACUC Number: 3568). The porcine experiments were
approved by the Institutional Animal Care and Ethic Committee of
Hubei Yizhicheng Biotechnology Co., LTD (IACUC Issue No. WDRM
202312002), and conducted according to the Association for Assess-
ment and Accreditation of Laboratory Animal Care International
(AAALAC) guidelines.

Materials. Poly (deca-4,6-diynedioic acid) (PDDA) was synthesized
following previously reported protocols35. Chitosan (average MW of
100,000, 85% deacetylation degree) was purchased from Golden-shell
Pharmaceutical (Zhejiang, China). 3,3′,5,5′-Tetramethyl benzidine
(TMB) Substrate was purchased from BOSTER Biological Technology
(Wuhan, China). A superoxide anion scavenging capacity assay kit,
crystal violet was purchased from Solarbio Science & Technology

(Beijing, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Energy Chemical (Shanghai,
China). Matrix gel was purchased from Corning Inc. (NY, USA) and 24-
well transwell chambers were purchased from Labselect (Beijing,
China). The glucometer and glucose test strips were purchased from
Sinocare Co., Ltd. (Changsha, China).

Cell lines. The murine fibroblast NIH3T3 cells were purchased from
the American Type Culture Collection, the HUVECs were kindly pro-
vided by Dr. Jianglin Wang. Cells were cultured in DMEM supple-
mented with 10% FBS, and 1% penicillin/streptomycin at 37 °C in a 5%
CO2 atmosphere.

Animals. BALB/c mice (female, 6–8 weeks, 18–20 g) were purchased
from the Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China).
Mice were housed on a 12/12 light/ dark cycle with constant tempera-
ture (22 °C) and humidity (50–60%) and allowed to feed food and
water ad libitum. Two Bama pigs (male, 6–8 months, 18–20 kg) were
obtained from Hubei Yizhicheng Biotechnology Co., Ltd (Hubei,
China). The pigswere fedwith food andwater ad libitumandhoused at
a temperature of 22 ± 2 °C and relative humidity of 45–55% with a 12-h
light/12-h dark cycle.

Synthesis of PDDA. Poly (deca-4,6-diynedioic acid) (PDDA) was syn-
thesizedusing ahost-guest topochemical polymerization strategy. The
monomer guest deca-4,5-diynedioic acid (DDA) and the host bis(pyr-
idyl)oxalamide host were synthesized following the literature
procedure35. The monomer guest (194mg) and host (270mg) were
dissolved in 300mL of ethanol, followed by co-crystallization to form
monomer-host complexes. Heating these co-crystals at 120 °C for 12 h
led to the topochemical polymerization of the monomers. The
obtained PDDA was characterized using 1H NMR and single crystal
X-ray crystallography, which were consistent with the literature
results35.

Radicals scavenging activity
Superoxide radical-scavenging assay. The scavenging capability of
PDDAagainst superoxide radicals (·O2

−) was assessedbymeasuring the
amount of generated red azo compounds using a superoxide anion
scavenging capacity assay kit. After mixing the reagents and PDDA (0,
1, 2, 5mgmL−1) for 30min, the absorbance value at 530 nm of the
mixed solutions was recorded and the scavenging efficiency of ·O2

−

Fig. 5 | Accelerated diabetic wound healing of porcine by PCD. a Schematic
illustrationof the studydesign.bBlood glucose of normal and diabeticmice before
operation (n = 6). c Confocal laser scanning microscope (CLSM) images of wound
regions of normal anddiabeticmice stainedwithDHE (images are representative of
3 biologically independent samples). Scale bar: 200μm.dRepresentative imagesof
thewound area after themice received different treatments onDay0, 3, 7, 9, and 12
(n = 5 biologically independent samples). Scale bar: 5mm. eWound area changes in
diabetic mice by time (n = 5 biologically independent samples). f CLSM images of
wound regions in different treatments stained with DHE (n = 3 biologically inde-
pendent samples). Scale bar: 200 μm. g The relative mRNA expression levels of
proinflammatory cytokine in the wound homogenates of mice (n = 3 biologically
independent samples).hMasson stainingofwound tissuewithdifferent treatments

on Day 12 (images are representative of 3 biologically independent samples). Scale
bar: 100μm. i Representative images of the blood vessel CD31-positive endothelial
cells (black triangle) analyzed by immunohistochemistry (n = 3 biologically inde-
pendent samples). Scale bar: 100μm. j, k The relative mRNA expression levels of
VEGFA (j) and collagen deposition-related genes α-SMA (k) in the wound homo-
genates of mice (CS group: n = 3 biologically independent samples; CA film and CN
film groups: n = 3 biologically independent samples; Ctrl, Clinical, and PCD groups:
n = 5 biologically independent samples). All data were presented as the mean ±
SEM. Statistical significance was determined using a one-way ANOVA test followed
by Tukey’s multiple comparison analysis. Parts of a were created with
BioRender.com.
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was calculated as follows:

�O�
2 scavenging rateð%Þ= ½ðAbsBlank � AbsPDDAÞ=AbsBlank�× 100% ð1Þ

Hydroxyl radical-scavenging assay. The elimination capability of
PDDA against ·OH was assessed by TMB chromogenic assay. PDDA (0,

20, 50, 100 µgmL−1) were mixed with 100 µM H2O2, 100 nM Fe2+, and
500 µgmL−1 TMB in 0.2M sodium acetate-acetic acid buffer (pH 3.6),
and the absorbance at 652 nmwas recorded every 10min for a total of
60min on the microplate reader (Varioskan LUX, Thermo Scientific).

�OHscavenging rateð%Þ= ½ðAbsBlank � AbsPDDAÞ=AbsBlank�× 100% ð2Þ
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Hypochlorous acid-scavenging assay. Hypochlorous acid (HClO)
was prepared immediately before each use by adjusting the pH of a
10% (v/v) NaClO solution to 6.2 with 0.2M sodium acetate-acetic acid
buffer (pH 3.6). The concentration of HClO was determined by TMB
using the absorbance at 652nm. The scavenging efficiency of ClO− was
calculated as follows:

ClO� scavenging rateð%Þ= ½ðΔConBlank � ΔConPDDAÞ=ΔConBlank�× 100%
ð3Þ

ΔCon: concentration change of HClO compared to initial
concentration.

Characterization of PDDAdegradation products of Fenton reaction.
40 µMofFeSO4·7H2Owas added toan aqueousPDDAdispersion (10mL,
1mgmL−1), and diluted hydrochloric acid was added to adjust the pH
value to 4. After stirring and dispersing, 200 µL of 30% (w/w) H2O2 was
added every 12 h and stirred at room temperature for 48h. The reaction
was terminated after another 72 h. The reactionmixturewas addedwith
NaOHuntil the pHvalue reached 12, thenfiltered to remove FeSO4·7H2O
through a 0.22 µm nylon filter film and lyophilized into degradation
products. Lyophilized degradation product was dissolved in 450 µL of
deuterium water for 1H and 13C NMR (400MHz) measurement (Agilent
400-MR 400MHz). NMR spectra were processed using MestReNova
software (v.6.1.0-6224).High-resolutionmass spectroscopy (HR-MS)was
conducted on anOrbitrap LC/MS (Q Exactive) (Thermo Fisher Scientific,
USA) with an electrospray interface, a Q Exactive mass analyzer, and an
ion detector operating in negative ion mode (M−), coupled with an
Ultimate 3000UPLC system. Data processing for HR-MSwas performed
using Thermo Scientific Xcalibur (v.4.1).

Quantitative analysis of PDDA degradation products over time.
Diluted hydrochloric acidwas added towater to adjust the pH to 4 and
prepared to use. A PDDA film (10mg) was placed in a covered vial
containing 10mL of deionized water (pH 4), followed by the addition
of 2 µM,5 µM, and 10 µMof FeSO4·7H2O respectively, and 100 µLof 30%
(w/w) H2O2 as low, medium, and high-level ROS stimulations. The vial
was kept at room temperature and steady, and the supernatant was
collected every 24 h. Simultaneously, the remaining PDDA film was
reintroduced into the 10 µM of FeSO4·7H2O and 100 µL of 30% (w/w)
H2O2 for further degradation, repeating this cycle for 120 h. The
reaction mixture collected was filtered with a 0.22 µm membrane and
then lyophilized to obtain the degradation products. Lyophilized
degradationproductswere dissolved in 450 µL of deuteriumwater and
0.25mg of DMSO was added as an internal standard for 1H NMR
(400MHz) measurement (Agilent 400-MR 400MHz).

Scratch wound healing assay. For the scratch wound healing assay,
HUVECs were seeded at a density of 1 × 105 cells per well in 24-well
plates. A sterile 10 µL pipette tip was used to create a scratch, and
unattached cells were washed away with PBS. The remaining adherent
cells were then treated with or without PDDA degradants. Images of
the HUVECs were captured at 24 h after the initial wounding. The

migration rate was determined by calculating the ratio of the closed
area to the initial wound area.

Real-time quantitative PCR (RT-qPCR) analysis. Total RNA was iso-
lated from the cells or tissues using RNA isolater Total RNA Extraction
Reagent (Vazyme) following the manufacturer’s instructions. For each
sample, 1 µgmRNAwas reverse-transcribed into cDNAusing theHifair®
III 1st Strand cDNA Synthesis SuperMix (Yeasen). The resulting cDNA
was then subjected to qPCR using Hieff UNICON® Universal Blue qPCR
SYBR Green Master Mix (Yeasen). All primers were synthesized by
Huayu Gene Biological Technology (Wuhan, China). The sequences of
the primers for cell experiments were as follows:

VEGFA-forward primer 5′-TATGCGGATCAAACCTCACCA-3′

VEGFA-reverse primer 5′-CACAGGGATTTTTCTTGTCTTGCT-3′

Angpt2-forward primer 5′-TTATCACAGCACCAGCAAGC-3′

Angpt2-reverse primer 5′-TTCGCGAGAACAAATGTGAG-3′

GAPDH-forward primer 5′-GAGTCAACGGATTTGGTCGT-3′

GAPDH-reverse primer 5′-TTGATTTTGGAGGGATCTCG-3′

The sequences of the primers for diabetic mouse were as follows:

IL-1β-forward primer 5′-TGGACCTTCCAGGATGAGGACA-3′

IL-1β-reverse primer 5′-GTTCATCTCGGAGCCTGTAGTG-3′

VEGFA-forward primer 5′-CAGGCTGCTCTAACGATGAA-3′

VEGFA-reverse primer 5′-CAGGAATCCCAGAAACAACC-3′

α-SMA-forward primer 5′-AGGGAGTGATGGTTGGAATG-3′

α-SMA -reverse primer 5′-AGGGAGTGATGGTTGGAATG-3′

GAPDH-forward primer 5′-TCAACGGCACAGTCAAGG-3′

GAPDH-reverse primer 5′-ACTCCACGACATACTCAGC-3′

The sequences of the primers for diabetic pig were as follows:

TLR-4-forward primer 5′-TGGTGTCCCAGCACTTCATA-3′

TLR-4-reverse primer 5′-CGGCATGACTCCTCAGAAAC-3′

NFκB-forward primer 5′-TGTGAAGACCACCTCTCAGG-3′

NFκB -reverse primer 5′-CTGTCACAGATGCTGTCATCC-3′

VEGFA-forward primer 5′-TATGCGGATCAAACCTCACCA-3′

VEGFA-reverse primer 5′-CACAGGGATTTTTCTTGTCTTGCT-3′

ColA1-forward primer 5′-AGTGTGAGGCCACGCATGAGC-3′

ColA1-reverse primer 5′-GGTTTCCTGGTCGGTGGGTGA-3′

FGF2-forward primer 5′-TCAAAGGAGTGTGTGCGAAC-3′

FGF2-reverse primer 5′-CAGGGCCACATACCAACTG-3′

GAPDH-forward primer 5′-GGTCACCAGGGCTGCTTTTA-3′

GAPDH-reverse primer 5′-CCTTGACTGTGCCGTGGAAC-3′

Fig. 6 | Accelerated diabetic wound healing of porcine. a Schematic illustration
of the study design and the blood glucose levels of the Bama pigs.b Representative
images of the wound area by different treatments after the operation (n = 6 bio-
logically independent samples). Scale bar: 1 cm. c Quantification of relative wound
areas on Day 3 and Day 18 after receiving different treatments (n = 6 biologically
independent samples). d Quantification of relative wound volumes on Day 3 and
Day 6 after receiving different treatments (n = 6 biologically independent samples).
e H&E staining of wound tissues with different treatments on Day 18 (images are
representative of 6 biologically independent samples). Blue arrow: inflammation;

yellow arrow: necrobiosis; green arrow: panniculitis; white arrow: hemorrhage.
Scale bar: 1mm. f Semiquantitative analysis of wound healing through treatment-
blinded pathohistological scoring of H&E and Masson images for granulation tis-
sue, collagen deposition, epithelialization, and inflammation, yielding a cumulative
wound healing score for each scaffold type tested (n = 6 biologically independent
samples). All data were presented as the mean ± SEM. Statistical significance was
determined using a one-way ANOVA test followed by Tukey’s multiple comparison
analysis. Parts of a were created with BioRender.com.
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Fig. 7 | Mechanistic investigation of the accelerated porcine diabetic wound
healing. aCLSM images of wound regions in different treatments stainedwith DHE
(images are representative of 6 biologically independent samples). Scale bar:
200μm. b The relative mRNA expression levels of inflammatory-related genes in
the wound homogenates of porcine (n = 6 biologically independent samples).
c Masson staining of wound tissues receiving different treatments on Day 18
(images are representative of 6 biologically independent samples). Scale bar: 1mm.

d The relative mRNA expression levels of proliferative, angiogenesis, and collagen
production-related genes in the wound homogenates of porcine (n = 6 biologically
independent samples). All data were presented as the mean ± SEM. Statistical sig-
nificancewasdeterminedusing a one-wayANOVAtest followedbyTukey’smultiple
comparison analysis.
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The RT-qPCRwas run with Bio-Rad CFX96 Real-Time PCR System,
each qPCR reaction contained 30–45 ng of cDNA. Quantification of
gene expression was carried out using the 2−ΔΔCt method, with gene
expression levels normalized to the housekeeping gene GAPDH.

Transwell migration assay. HUVECs were introduced into the upper
chamber at a density of 1 × 104 cells per well in a serum-free medium,
while the lower chamber was filled with medium either containing or
lacking PDDA degradation products. After 24 h, the cells remaining on
the upper surface of the membrane were carefully wiped off with a
cotton swab. Cells that had migrated across the membrane were then
stained with 1% crystal violet solution for 15min. The migrated cells
were photographed and quantified using an optical microscope
(Mingmei, Guangdong, China).

Tube formation assay. For tube formation assay, 50 µL of thawed
Matrigel was added to each well of a pre-cooled 96-well plate and
incubated at 37 °C for 1 h. HUVECs were then seeded at a density of
1 × 104 cells per well into the Matrigel-coated chamber, incubated with
or without PDDA degradants. To assess the tube formation, HUVECs
were imagedunder amicroscope andquantifiedusing ImageJ software
(Version: 2.1.0).

Synthesis of CS films, CN films, and PCD. 1.0% CS water solution was
added to a thorough cleaning and completely dried the glassplate. The
solution was degassed and the solvent was evaporated at 60 °C to
obtain CS films. After obtaining the CS film, it was soaked in a 0.1M
NaOH solution for 15min to ensure thoroughwetting of the entirefilm.
CN films were generated after the film was rinsed with water and dried
completely. For PCD, 1.67mgmL−1 PDDAwater solutionwas added to a
1:10 mass ratio of PDDA:CS. Leave the mixed solution for 15min to
allow sufficient interaction between PDDA and the CS film, and then
dry to obtain PCD. Peel the films from the glass plate, rinse them three
times with ethanol to eliminate excess salt, and then subject them to
vacuum drying to obtain the final CS films, CN films, and PCD. For the
mouse study, 100 µL of 10mgmL−1 CS solution was used in CS film, CN
film, and the CS layer of PCD, and 60 µL of 1.67mgmL−1 PDDA solution
was used in PCD. A 1mm diameter round glass plate was used. The
mass of the CS film and CN film was approximately 1mg, and PCD was
approximately 1.1mg. For the porcine study, 1mLof 10mgmL−1 CSwas
used in CS film, CN film, and the CS layer of PCD, and 600 µL of
1.67mgmL−1 PDDA solution was used in PCD. A square glass plate with
a side length of 1 cm was used. The mass of the CS films and CN films
was approximately 10mg, and PCD was approximately 11mg. The
thicknesses of the CS film, CN film, and PCD were 9.4 µm, 6.8 µm, and
13.2 µm, respectively.

Mechanical strengthmeasurement. CS films, CN films, and PCDwere
prepared in a rectangular shape with 2 cm× 1 cm. The mechanical
properties, including tensile strength, maximum load, and Young’s
modulus, were evaluated using a universal testing machine under
ambient temperature and normal humidity conditions, at a stretching
speed of 20mmmin−1.

Scanning electron microscopy (SEM). Surface and cross-sectional
morphologies were analyzed by SEM (GeminiSEM300, Carl Zeiss,
Germany). Prior to the experiment, all the samples were sputter-
coated with a thin layer of platinum. Surface imaging was taken at
10 kV, while cross-section imaging was taken at 15 kV.

Water contact angleassay. The contact anglesweremeasuredusing a
sessile-drop method at room temperature. Before the assessment, the
untreated CS films, CN films, and PCD were prepared on glass slides.
During the measurement, 1μL of ultrapure water was dropped onto

the film surface, and the pictures of the contact angle were taken
promptly.

Swelling rate. The mass of each lyophilized CS film, CN film, and PCD
wasweighed and denoted asm0. Subsequently, the samples were then
put into 0.9%NaCl solution immediately under room temperature and
taken out after being soaked in 0.9% NaCl solution for 30min. The
weights of swollen CS films, CN films, and PCD were measured and
denoted as mt. The swelling rate was calculated as follows:

Swelling rateð%Þ= ðmt �m0Þ=m0 × 100% ð4Þ

Porosity measurement. The porosity of the films was determined
using a solvent exchangemethod. Three sets of CS films, CN films, and
PCD were prepared, and the mass of each film was measured and
recorded as W1. The films were placed into 5mL of ethanol, and the
total mass of the films and ethanol was recorded asW2. The films were
then immersed in ethanol for 48 h to ensure thorough solvent
exchange. After solvent exchange, the films were removed, and the
remaining ethanol mass was measured and recorded as W3. The cal-
culation formula for film porosity is as follows:

Porosityð%Þ= ½ðW 2 �W 1 �W 3Þ=ðW 2 �W 3Þ�× 100% ð5Þ

In vivo hemostatic assay
In vivo mouse tail hemostatic ability. A mouse tail model (female,
BALB/c mice, 16–20 g) was used to investigate the in vivo hemostatic
ability of CS films, CN films, and PCD. Pre-weighed filter paper was
placed under the tails of the mice, the tails were cut approximately
2 cm from the tip after by surgical scissors. The tails were left undis-
turbed for 15 s to ensure normal bleeding. After 15 s, CS films, CN films,
and PCD were applied to the bleeding wound, and the nontreatment
wound served as the negative control. The bleeding time for each
group of mice was recorded, once the tail bleeding was completely
stopped, the total mass of the blood-soaked filter paper wasmeasured
again. The bleeding volume from the mouse tails was determined by
subtracting the initial filter paper mass from the final mass. Photo-
graphs of the filter paper were taken for each group after hemostasis.

In vivomouse liver hemostatic ability. After extracting the liver from
mice (female, BALB/c mice, 16–20 g), pre-weighed filter paper was
placed under the mouse liver. Subsequently, a wound was created at
the site of the mouse liver using a needle from a syringe. The liver was
left undisturbed for 15 s to ensure normal bleeding. After 15 s, the
nontreatment wound served as the negative control, while each
experimental group applied the corresponding film to the bleeding
wound. The bleeding time for each group of mice liver was recorded.
After liver bleeding was completely stopped, the total mass of the
blood-soaked filter paper was measured again. The bleeding volume
from the mouse liver was determined by subtracting the initial filter
paper mass from the final mass. Photographs of the filter paper were
taken for each group after hemostasis.

Antibacterial effect of dressings. Gram-positive Staphylococcus aur-
eus and Gram-negative Escherichia coli were chosen to verify the
antibacterial activity of wound dressings. Two kinds of bacterial were
cultured until the turbidity of the bacterial suspension to OD600 = 0.1.
Subsequently, the bacterial was collected and resuspended using PBS
buffer. Circular-shapedCSfilms, CNfilms, and PCDwere preparedwith
1mg of chitosan and 0.1mg of PDDA in around 1 cm diameter. The CS
films, CN films, and PCD were sterilized in 75% alcohol and dried to
remove any remaining alcohol. The resuspended bacteria were then
incubated with sterile and dry CS film, CN film, and PCD, respectively,
in 12-well plates. After 2 h, the Colony-forming unit (CFU) of each
group was measured through the drop plate method. The inhibition
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rate (%) was calculated as below:

Inhibition rateð%Þ= ðCFUBlank � CFUSampleÞ=CFUBlank × 100% ð6Þ

Antibacterial effect of the extract solution of dressings. CS films, CN
films, and PCD were prepared with the same properties for the anti-
bacterial effect assay. Three pieces of sterilized and dried CS films, CN
films, and PCD were each immersed in 300μL of sterile 10mM PBS at
37 °C for 2 h to obtain the original extract solutions of each film group.
The original extract solutions were then diluted twofold 11 times to
obtain 12 concentrations of film extract solutions. 100 µL of film
extract solutions were added to 400 µL of Staphylococcus aureus or
Escherichia coli at a concentration of 1.0 × 104 CFUmL−1 and incubated
for 16 h. TheOD600 of each groupwasmeasured. TheOD600 of the PBS
group at the endpoint was recorded as OD600neg, while the OD600 of
different film extract solutions was recorded as OD600sample. The
absorption of PBS itself was recorded as OD600blank. The Relative
OD600 (%) was calculated as below:

RelativeOD600ð%Þ= ðOD600sample �OD600blankÞ=
ðOD600neg �OD600blankÞ× 100%

ð7Þ

In vitro biocompatibility. CS films, CN films, and PCD were fully
immersed in a DMEM culture medium at room temperature for 7 days
to obtain the extraction solution. NIH/3T3 cells were then diluted with
either DMEM culture medium or the extraction solution and seeded
into a 96-well plate at a density of 3000 cells per well. The cells were
then incubated at 37 °C in a 5% CO2 atmosphere for 24 and 48h. After
the respective time points, 0.5mgmL−1 MTT was added to each well
and cultured for 4 h. Following incubation, the MTT was removed and
replaced with 150 µL of DMSO per well to dissolve the formazan salt.
The absorbance at 570 nm was measured using a microplate reader.

Hemolysis assay. The red blood cells (RBCs) were obtained by cen-
trifuging blood at 210 × g for 10min, they were PBS-rinsed thrice and
diluted to the concentration of 5% v/v. The films were incubated in
0.9% NaCl solution at 37 °C for 30min, 150 µL of the extract solution
and 150 µL of the RBC suspension were mixed and incubated at 37 °C
for 3 h, then it was centrifuged at 210 × g for 10min. The obtained
supernatants were reading absorption at 540 nm with a microplate
reader, 0.1% Triton X-100 and0.9%NaCl solutionwere used as positive
and negative controls, respectively. The hemolysis rate (%) was cal-
culated as below:

Hemolysis rateð%Þ= ðODsample �ODnegativeÞ=
ðODpositive �ODnegativeÞ× 100%

ð8Þ

In vivo diabetic mouse skin wound healing study. The mice were
administered with streptozotocin (STZ, 50mg/kg; Yeasen, Shanghai)
dissolved in sodiumcitrate buffer daily forfivedays.After twoweeksof
the initial STZ injection, the diabetic mouse model was established
when the plasma glucose level was ≥16.7mM for two consecutive days.
The animals remained in a diabetic state for the duration of the wound
healing experiment. Under sterile conditions, the mice were anesthe-
tized with isoflurane, and an 8-mm biopsy punch was used to create a
full-thickness wound on the dorsal center, by removing both the epi-
dermis and dermis. The animals were then randomly allocated into six
groups: control, Clinical, CS films, CA films, CN films, and PCD. The
pictures of thewoundswere taken on the day of surgery and every two
days thereafter. Tissue samples for DHE staining and immuno-
fluorescence analysis were collected on Day 5, and those for H&E
staining, Masson’s trichrome staining, picrosirius red staining, and
CD31 analysis were collected on Day 12. Harvested tissues were either
fixed in 4% paraformaldehyde (PFA) in PBS or flash-frozen in liquid
nitrogen for further evaluations, including H&E, DHE, Masson’s

trichrome, immunohistochemical staining, and mRNA expression
analysis. Fluorescence images were captured using a confocal laser
scanning microscope (CLSM, Olympus FV3000, Japan), while bright-
field images were obtained with an optical microscope (Mingmei,
Guangdong, China).

In vivo diabetic porcine skin wound healing study. A diabetic male
Bama miniature pig model was established by a single intravenous
injection of STZ (150mg/kg) dissolved in sodium citrate buffer. The
high blood glucose level was maintained for more than two weeks
before wounds were created. Under sterile conditions, the diabetic
pigs were anesthetized with an intramuscular injection of Zoletil®50
(Zolazepam and Tiletamine in a 1:1 mass ratio, 10mg kg−1). Six full-
thickness wounds (1.5 cm in length) were created on each side of the
dorsal region, with at least 2 cm of spacing between each wound to
prevent collateral effects. Each wound site was marked with a sterile
surgical marker. Full-thickness dermal wounds approximately 0.5 cm
deep were carefully made by removing the skin through precise
dissection with skin forceps and double-bladed scissors. Various
treatments were then applied to the wounds. The wounds were
covered with a cotton dressing and secured with an elastic net to
protect the area. Antibiotics were administered during the first three
days to prevent bacterial infections. Digital images of the wounds
were taken on the day of surgery and every two days thereafter. On
the 18th day post-surgery, the wound tissues were harvested. The
harvested tissues were either fixed in 4% paraformaldehyde (PFA) in
PBS or flash-frozen in liquid nitrogen for further analysis, including
H&E staining, DHE staining, Masson’s trichrome staining, picrosirius
red staining, and mRNA expression analysis. Blinded evaluations
were performed to score wound histology based on established
standards (Table S1)18. Fluorescence images were captured using a
confocal laser scanning microscope (CLSM; Olympus FV3000,
Japan), and bright-field images were taken with an optical micro-
scope (Mingmei, Guangdong, China).

Immunohistochemical and immunofluorescence analysis. After the
tissue harvesting, and their skins were harvested and then sliced into
4 µm-thick sections. The sectionswere stainedwith anti-CD31 antibody
(ab182981, Abcam) to detect endothelial cells, stainedwith antibody-8-
OHdG (bs-1278R, Bioss) for oxidative damage, stained with anti-CD86
(CY5238, Abways) forM1macrophages as well as anti-CD206 (A02285-
2, Boster Bio) for M2 macrophages.

In vivo biosafety. The healthy mice were anesthetized with isoflurane
under sterile conditions, and then an 8mm full-thickness wound was
made on the dorsum center of each mouse. The animals were ran-
domly treated with CS films, CN films, and PCD. After 7 days, the mice
were sacrificed, the major organs (heart, liver, spleen, lung, and kid-
ney) were collected for H&E staining.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Article, the Sup-
plementary Information, and the Source Data file. The full image
dataset is available from the corresponding author upon
request. Source data are provided with this paper.
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