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ARTICLE INFO ABSTRACT

Keywords: Wound healing is one of the major global health concerns in patients with diabetes. Overactivation of pro-
Hydrogel inflammatory M1 macrophages is associated with delayed wound healing in diabetes. miR-29ab1 plays a crit-
Diabetic skin wound healing ical role in diabetes-related macrophage inflammation. Hence, inhibition of inflammation and regulation of miR-
xf}:_r;g:; lges 29 expression have been implicated as new points for skin wound healing. In this study, the traditional Chinese

medicine, puerarin, was introduced to construct an injectable and self-healing chitosan@puerarin (C@P)
hydrogel. The C@P hydrogel promoted diabetic wound healing and accelerated angiogenesis, which were related
to the inhibition of the miR-29 mediated inflammation response. Compared to healthy subjects, miR-29a and
miR-29b1 were ectopically increased in the skin wound of the diabetic model, accompanied by upregulated M1-
polarization, and elevated levels of IL-1p and TNF-a. Further evaluations by miR-29ab1 knockout mice exhibited
superior wound healing and attenuated inflammation. The present results suggested that miR-29ab1 is essential
for diabetic wound healing by regulating the inflammatory response. Suppression of miR-29abl by the C@P
hydrogel has the potential for improving medical approaches for wound repair.

1. Introduction Macrophages play a crucial role in the inflammatory response by

dynamically altering their phenotypes and functions. M1 macrophages

The usual etiological cause of non-healing chronic skin wounds is
diabetes mellitus and associated comorbidities [1]. Wound repair is a
complex, yet highly programmed process that includes phases involving
hemostasis, inflammatory reactions, cell proliferation, and tissue
remodeling [2]. However, the process is halted during the inflammatory
phase in chronic skin wounds [3-5]. Delayed wound healing is caused
by the overactivation of the inflammatory response in diabetes mellitus,
along with associated microvascular and macrovascular diseases [6].
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are known to secrete elevated levels of pro-inflammatory cytokines such
as tumor necrosis factor-alpha (TNF-a) and interleukin-1-beta (IL-1p)
[7]. M2 macrophages produce polyamines to induce vascular endothe-
lial growth factor (VEGF) expression and collagen production [8].
Failure of the macrophage phenotypic switch from M1 to M2 is associ-
ated with impaired wound healing in diabetes [9]. Thus, many attempts
have focused on strategies associated with the augmentation of M2
macrophage activity, recruitment of more M2 macrophages, or addition
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of exogenous M2 macrophages, while maintaining M1 macrophages
unaffected [10-14]. It is important to suppress pro-inflammatory M1
macrophages for promoting wound healing.

Traditional Chinese medicines have been shown to exhibit immune
regulatory effects [15-17]. Puerarin (PUE), a traditional Chinese med-
icine extracted from the root of kudzu vine, exhibits superior car-
dioprotective, neuroprotective, and blood glucose levels in diabetes
[18-20]. PUE has been reported to possess wound healing activities
[21-23]. Recent studies have demonstrated that oral PUE prevents
diabetic osteoporosis by suppressing inflammation and apoptosis via
HDAC1/HDACS3 signaling [24]. Moreover, oral PUE decreased the levels
of TNF-o and IL-6 in the liver [25]. However, only a small portion of PUE
is absorbed into the blood and distributed to various tissues and organs
because most PUE are metabolized extensively in the liver [26,27]. Low
hydrophilicity, poor bioavailability, and low penetration of PUE hinders
its application in diabetic wound repair [26,28].

Recently, hydrogels have attracted attention as wound dressings
owing to their abundant functional groups, controllable physical prop-
erties, natural drug-loading structures, and superior biocompatibility
[29-31]. Recent studies have reported that hydrogels have potential
applications in the treatment of diabetic [32], burn [33], infected [34],
and oral mucosal wounds [35]. Chitosan (CS) is a natural polymer ob-
tained from crabs and shrimp shells and widely used for hydrogel syn-
thesis. Chitosan-based hydrogels are good carriers for drug delivery
owing to their nontoxicity, stability, and biodegradability [36-38].

Consequently, a traditional Chinese medicinal hydrogel containing
CS and PUE (C@P) was designed to treat diabetic wounds. The pro-
moting effects of the C@P hydrogel on diabetic wound healing and the
regulation of inflammatory responses were further explored in type 1
diabetes mellitus (DM) and IL-1f luciferase transgenic mice. miR-29ab1
has been shown to play critical roles in diabetes-related inflammation
and macrophage phenotypic switching [39]. Further, miR-29abl
knockout mice (miR-29abl /") were studied to explore the mecha-
nism of C@P in wound healing using histopathology, immunohisto-
chemistry, and quantitative real-time polymerase chain reaction
(qQRT-PCR) analyses.

2. Materials and methods
2.1. Preparation of the C@P nanofiber hydrogel

The C@P nanofiber hydrogel was fabricated using a one-step
grinding process according to the method described in our previous
work [40]. First, 70 mg of chitosan (CS; 95% deacetylation degree, 400
mPa s, Aladdin, China) was dispersed in 5 vol% acetic acid (0.5 mL).
Another 70 mg of puerarin (PUE; 98% purity, Aladdin, China) was then
mixed with chitosan under continuous grinding until a uniform C@P
composite was formed, and the solvent was almost evaporated to dry. 1
mL synthetic C@P was injected into 1 mL ultrapure water to test the pH,
which was about 6.15. Subsequently, 7 mL of ultrapure water was added
to the system to obtain the C @P hydrogel. After grinding for a while
until the C@P system became sticky and uniform, the self-assembled
C@P hydrogel was collected and left to rest for 24 h at room tempera-
ture to ensure a sufficient self-assembly process. The product was then
stored at 4 °C for further study. Subsequently, 70 mg of CS or PUE was
dispersed in 5 vol% acetic acid (0.5 mL). Then, 7 mL of ultrapure water
was added to obtain a CS or PUE solution after continuous grinding to
obtain a uniform system.

2.2. Rheological test

The rheological behavior of the C@P nanofiber hydrogel was
measured at room temperature using a rheometer (MCR 301; Anton
Parr, Austria) with a parallel plate geometry of 25 mm in diameter and a
1 mm gap between plates. A frequency-modulus assay was conducted to
study the formation of the C@P hydrogel once the grinding process was

654

Bioactive Materials 19 (2023) 653-665

stopped. The time-dependent modulus change was recorded duringa 3 h
modulus test. Meanwhile, 1 mL of well-prepared C@P hydrogel was
gently placed at the center of the test plate and allowed to rest for a
while. A dynamic frequency sweep test was conducted under a constant
strain of 1%. The shear-thinning property of the C@P hydrogel was
verified using viscosity measurements at a frequency of 1 Hz. The
injectable characterization was assessed by strain sweep measurements
over a range of 0.1%-1000% strain. The self-healing ability of the C@P
hydrogel was evaluated by a recycled modulus study under a switched
strain between 1% and 500%.

2.3. Cell culture and treatment

Mouse mononuclear macrophage leukemia cells (RAW264.7) were
provided by the Stem Cell Bank of the Chinese Academy of Sciences.
RAW264.7 was cultured in DMEM medium (Gibco, USA) with 15% fetal
bovine serum (FBS; Gibco, USA) and 1% penicillin and streptomycin
(Antibiotic-Antimycotic; Gibco, USA) in a 37 °C incubator with a hu-
midified atmosphere of 5% COs.

Macrophages were seeded in 24-well plates at a density of 1 x 10°
cells. After 24 h of culture, 0.5 mL samples (control, CS, PUE, and C@P
hydrogel) were placed in transwells and transferred into the plate for
another one and 4 days of culture. TRIzol™ reagent (Invitrogen, Thermo
Fisher Scientific Inc., USA) was used to extract total RNA from the cells.
All solutions containing RNA were collected for qRT-PCR.

2.4. Treatment of animals

All animal experiments were approved and carried out with approval
from the Shanghai Tongren Hospital Ethics Committee (2021-090-01).

2.4.1. Murine model of type 1 diabetes mellitus

Intraperitoneal injections of streptozotocin (STZ, 60 mg/kg body
weight in 50 mmol/L sodium citrate) for five consecutive days were used
to induce a mouse model of diabetes [41-43]. Prior to the first injection,
male mice (C57BL/6 weeks) were made to fast for 16 h. Blood glucose
was tested after 48 h. Mice were considered diabetic and were used for
further study only if they had hyperglycemia (>16.7 mM).

2.4.2. CRISPR/Cas9-mediated generation of miR-29ab1~/~ mice
Previous studies generated homozygous miR-29abl™~ mice
(C57BL/6 strain) using the CRISPR/Cas9 technique [44]. The Shanghai
Model Organisms Center (Shanghai, China) provided homozygous mice
that were bred for at least four generations to start any experiments.

2.4.3. IL-1p luciferase transgenic mice

The luciferase-2a-egfp-pa expression fragment was inserted into the
IL-1p translation initiation site ATG using CRISPR/cas9 technique. IL-1§
gene expression in this strain of mice was knocked out, and the endog-
enous promoter drove the expression of the reporter gene. The intensity
of reporter gene expression reflects the degree of activation of IL-1f,
which can track the inflammatory factor IL-1p in real-time in vivo and
visualize the expression pattern of IL-1f [45].

2.4.4. Full-thickness wound model

A mouse model of full-thickness skin wounds was generated in the
DM. Sodium pentobarbital (0.1 mg/g of body weight) was administered
intraperitoneally to anesthetize the mice, and 75% ethanol was used to
sterilize the operating area after shaving the hair on the dorsum. A 10
mm circular (surface area 78.5 mm?) full-thickness skin wound was
created for each animal. Mice were randomly divided into four experi-
mental groups: DM-0 (0.9% NacCl), DM-C (CS), DM-P (PUE), and DM-
C@P (C@P). Each wound area was treated with 50 pL of 0.9% NaCl
solution, CS solution, PUE solution, or C@P hydrogel, which was
injected directly onto the wound surface. The wound areas were then
covered with Tegaderm™ dressing (3 M, USA), and the corresponding
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Fig. 1. Synthesis and the characterizations of the C@P hydrogel. Schematic illustration of the synthesis process of the self-assembling nanofiber C@P hydrogel

(a). Morphology of chitosan (b), puerarin (c), C@P hydrogel with nanofiber struc
temperature (f). FTIR spectra of all samples (g). Frequency-dependent rheologi
storage modulus, G”: loss modulus (h). The change of G’ and G” under 3 h test

ture (d) and the hydrogel with porous structure (e). Picture of C@P hydrogel at room
cal behavior of the C@P hydrogel at 1% strain after synthesizing immediately. G:
(i). Frequency-dependent change in G’ and G” of the C@P hydrogel in equilibrium

statement (g). Shear-thinning property of the hydrogel with the linear relation of viscosity and shear rate (k). Strain-dependent variation of G’ and G” (1). Self-healing
property of the hydrogel with the recycle change of strain between 1% and 500% (m). The release of PUE from C@P hydrogel within 5 days (n).

dressing was changed after 7 days. The wound closure rate (%) was
determined by measuring the wound area in each group at 7 and 14 days
by tracing the wound boundaries using the ImageJ 1.52q software. The
following formula was used to calculate wound closure rate (%):

Wound closure rate (%) = [S (0 day)- S (n day)}/S (0 day) x 100%, (@D)]

where “n” represents the 7 days or 14 days, and “S” represents the
Surface area of the wound section. The wound model described above
was also applicable to wild-type (WT) and miR-29ab1~/~ mice.

Two 6 mm circular full-thickness wounds of IL-1§ luciferase trans-
genic mice were created after the dorsal hair was shaved and sterilized.
Two wounds in each animal were separated from each other as far as
possible to avoid crosstalk between the control and C@P groups. A total
of 25 uL of 0.9% NaCl solution and C@P hydrogel were injected into two
wounds for the same mouse. After 15 min of intraperitoneal injection
with luciferin potassium salt (LIFE iLAB BIO, AC19L013), the transgenic
mice were anesthetized with isoflurane. Luciferase macroscopic images
were captured using a live animal imaging system (Tanon ABL X6,
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China) on 0, 1, 3, 5, 7, 10, and 14 days.
2.5. Histopathological and immunohistochemistry analysis of wounds

Each wounded skin sample was divided into two parts. One of them
was collected and immediately fixed in a 4% paraformaldehyde solution
(PFA, Bio Basic Inc., China). After 24 h, skin wounds were dehydrated
overnight and embedded in paraffin. Samples were sectioned trans-
versely to a 5 pm thickness for hematoxylin and eosin (H&E) staining.
Additionally, skin wounds in paraffin blocks were sliced, and VEGF was
labeled immunohistochemically (Servicebio, gb13034, 1:300). Rabbit
polyclonal anti-collagen type I (Col I, Servicebio, gb11022-3, 1:1000)
and rabbit polyclonal anti-collagen type III (Col III, Servicebio,
gb111629, 1:500) were used as markers for collagen deposition. Rabbit
polyclonal anti-F4/80 (Servicebio, gh11027, 1:1000) was used as the
macrophage marker. Rabbit polyclonal anti-1L-1p (Servicebio, gb11113,
1:200) and rabbit polyclonal anti-TNF-a (Servicebio, gb11188, 1:200)
were used as markers of pro-inflammatory cytokines.

To detect the type of macrophage, skin wounds in paraffin blocks
were sliced and treated with citric acid repair solution (Servicebio,
g1202, pH 6.0) for antigen retrieval. To test the specificities of inducible
nitric oxide synthase (iNOS) for M1 macrophages and CD206 for M2
macrophages, some tissue sections were incubated with iNOS/CD206
and/F4/80, then added the corresponding secondary antibody. The
double label results showed that iNOS and CD206 have specificities for
M1 and M2 respectively (Fig. S1). The other tissue sections were then
incubated with rabbit polyclonal anti-iNOS antibody (NOVUS, nb300-
605, 1:50) for M1 macrophages and mouse polyclonal anti-CD206
antibody (RD, af2535, 1:200) for M2 macrophages, overnight. Second-
ary antibodies of Cy3 conjugated donkey anti-rabbit IgG (Servicebio,
gb21403, 1:300) and FITC conjugated donkey anti-goat IgG (Servicebio,
gb22404, 1:200) were treated for the primary antibodies.

2.6. Quantitative real-time PCR

Skin from the other wound was collected and analyzed by qRT-PCR
for miR-29a/b1 expression. Total RNA was extracted with TRIzol™ re-
agent, and cDNA was synthesized by reverse transcription. The cDNA
served as a template for qRT-PCR performed using a real-time PCR
(QuantStudio 3 Real-Time PCR System, ABI, USA). Genes were analyzed
using U6 spliceosomal RNA (U6) as a housekeeping gene for normali-
zation and relative quantification. Primer sequences are listed in
Table S1 qRT-PCR experiments were performed at least twice, and each
sample was analyzed in duplicate. The relative expression was quanti-
fied using the comparative threshold method. Solutions with RNA from
macrophages were collected and detected by qRT-PCR for miR-29a/b1
expression, as described above.

2.7. Statistical analysis

All statistical analyses were performed using the GraphPad Prism
software (GraphPad 9.0, USA). Results are presented as mean =+ stan-
dard error of the mean (SEM). An unpaired two-tailed t-test was used to
analyze the significant differences between groups, and a p-value of less
than 0.05 was considered statistically significant.

3. Results
3.1. Characterization of C@P hydrogel

CS and PUE are the active ingredient extracts of chitin and Pueraria,
respectively, which are valued natural products. Inspired by the facile
preparation method of traditional Chinese medicine, grinding was
conducted to synthesize the C@P nanofiber hydrogel, as shown in
Fig. 1a. The distinct entangled nanofiber structure of the C@P hydrogel
with a diameter of 50-100 nm was confirmed by SEM imaging, whereas
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the morphology of CS and PUE was smooth and plain (Fig. 1b-d).
Meanwhile, a comparison of the appearance and morphology of the
puerarin and chitosan (C + P) mixture and C@P hydrogels showed that
the C + P mixture was light white and exhibited a solid state, while C@P
was milky and presented a hydrogel state. Moreover, large quantities of
nanofibers were observed in the C@P hydrogel, while the morphology of
C + P was smooth and the nanofiber structure could not be seen in C + P,
which was similar to CS and PUE (Fig. S2). The nanofiber structure of the
C@P hydrogel may originate from the self-assembly process induced by
the interaction of hydrogen bonds and n—r bonds between the PUE and
CS solutions. Accompanied by the evolution of self-assembly, the typical
porous structure of the hydrogel appeared, and the C@P hydrogel was
built, as shown in Fig. 1e and f. Interactions between CS and PUE were
further confirmed using FTIR spectroscopy (Fig. 1g). Compared to the
FTIR spectrum of the CS and PUE mixture, the absorption peak at
approximately 1603 cm™! of the C@P hydrogel disappeared. This ab-
sorption peak corresponds to the C=0 vibration of PUE, and a large
number of hydrogen bonds in the C@P hydrogel influenced the C=0
stretching, which further resulted in a change in the corresponding peak.
In addition, the absorption peak at 1173 cm ™! of PUE, which is related to
C-O vibration, shifted toward a higher wavenumber (i.e., 1180 cm’l)
after assembly with CS. The change in C-O could be attributed to the
physical interaction of the CS chain and PUE induced by hydrogen bonds
during hydrogel formation.

3.2. Rheological properties of C@P hydrogel

Owing to the irregular shape of diabetic wounds, an injectable
hydrogel with self-healing ability is preferred. Herein, the rheological
properties reflected by the changes in the storage modulus (G') and loss
modulus (G”) of the C@P nanofiber hydrogel were inspected. To
investigate the formation speed of the C@P hydrogel, G’ and G” were
tested once the grinding was stopped. The initial storage modulus G’ =
38.5 Pa, which was greater than the loss modulus G’ = 12.1 Pa, indi-
cating that the hydrogel was formed during the grinding process
(Fig. 1h). The time-dependent modulus change was also studied to verify
the constant self-assembly of the hydrogel after its formation. G’
increased from 72.7 Pa to 178 Pa, and G” increased from 42.6 Pa to 95.3
Pa under 1% strain and 1 Hz frequency (Fig. 1i). The increase in the
modulus indicated that self-assembly induced by hydrogen bonds was a
continuous process. The dynamic frequency sweep test of the hydrogel
was conducted while the C@P hydrogel was left resting and maintained
an equilibrium state. The result in Fig. 1j shows the formation and stable
state of the hydrogel with a G’ of 100 Pa and a relatively small G’ of 20 Pa
under low frequency. G’ and G” apparently increased with increasing
frequency. The negative correlation between the viscosity and shear rate
shown in Fig. 1k indicates the shear-thinning behavior of the C@P
hydrogel, ensuring the injectable property of the resulting hydrogel.
Moreover, based on the result of the intersection point of G’ and G”
under 100% strain in Fig. 11, which could be related to the network
failure of the C@P hydrogel, a recycled oscillatory strain between 500%
and 1% strain was applied to break and recover the hydrogel structure.
Results in Fig. 1m demonstrate that the broken structure of the C@P
hydrogel could recover quickly and maintain the hydrogel state over five
cycles. Moreover, 2 mL of the C@P hydrogel was injected on a plate, and
the hydrogel (0.5 mL) was removed, leaving a hole. Subsequently, a
fresh 0.5 mL of C@P hydrogel was injected into the hole and the
incomplete C@P hydrogel recovered, further indicating the self-healing
ability of the C@P hydrogel (Fig. S3).

The swelling ratios of the C@P hydrogels were tested using immer-
sion methods. The swelling ratios were 129.1%, 154.9%, and 189.6% at
12, 24, and 48 h, respectively (Fig. S4). The swelling behavior of the
C@P hydrogels was further assessed by changes in appearance and
morphology. The appearance of the swollen hydrogel was similar to that
of the original hydrogel. The viscosity decreased due to the expansion of
the volume, and the C@P hydrogel could still be inverted after swelling.
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Fig. 2. C@P hydrogel promoted wound healing of
chronic wounds in DM. Representative images of
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Moreover, the swollen C@P hydrogel presented a porous nanofiber
morphology similar to that of the original C@P hydrogel (Fig. S5). The
degradation of the C@P hydrogel was assessed in vitro and is shown in
Fig. S6. The degradation rate of the hydrogel reached 74% in a week,
illustrating its excellent degradation behavior. The nearly linear release
behavior of PUE proved that the C@P hydrogel could sustain a constant
release of PUE in 5 days (Fig. 1n). PUE was released not only from the
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hydrogel nanofiber structure, but also during the degradation process.
The total amount of PUE released after five days was less than 40%.
Therefore, the sustained release of PUE from the C@P hydrogel
improved the bioavailability of PUE and ensured its biocompatibility.
Several experiments, including CCK8 assay and LIVE/DEAD staining,
were conducted to assess the biocompatibility of the C@P hydrogel. As
illustrated in Fig. S7, there was no significant difference in cell viability
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at 24 and 48 h between each group, which was associated with the
excellent biocompatibility of CS and PUE as natural polymers and nat-
ural traditional Chinese medicine, respectively. Results of LIVE/DEAD
staining revealed that the cells co-cultured with each sample exhibited
an ultrahigh survival rate, further illustrating the excellent biocompat-
ibility of the C@P hydrogel.

3.3. C@P hydrogel accelerated diabetic wound healing
A full-thickness skin wound model in DM mice was used to assess the

effect of the C@P hydrogel on diabetic wound healing. Digital photo-
graphs were obtained 0, 7, and 14 days after surgery (Fig. 2a). The

658

wound area was measured to quantify the wound healing speed, and the
wound closure rate (%) as shown in Fig. 2b. The wound closure rate (%)
of the DM-C@P group was significantly higher than that of the DM-
0 group on 7 and 14 days (p < 0.01). Compared to the DM-C and DM-
P groups at day 7, the wound closure rate (%) of the DM-C@P group
was markedly increased (p < 0.05, p < 0.01).

To further estimate the capability of the C@P hydrogel to promote
healing, H&E and immunohistochemical staining of VEGF, Col I and Col
III were used to analyze the tissue sections of the wound bed at 7 and 14
days. As shown in Fig. 2¢, the wound bed of the C@P-treated mice
presented thicker skin structures than other groups at 7 days, and the
wound length of the C@P-treated group was shorter than that of other
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groups at 14 days. The cell density of the C@P-treated group was
significantly higher than that of the DM-0 group at both 7 and 14 days (p
< 0.01). Meanwhile, the cell density of DM-C@P was enhanced signif-
icantly, even when compared with that of the DM-C group at 14 days (p
< 0.05, Fig. 2d). The granulocytes (%) of the treatment areas collected
from C@P-treated mice were effectively suppressed at 7 and 14 days
compared to that of the control group (p < 0.01, Fig. 2e). VEGF is a key
cytokine involved in angiogenesis. As shown in Fig. 2f and g, VEGF
expression in the DM-C@P group was significantly higher than that in
the DM-0, DM-C, and DM-P groups at both 7 and 14 days (p < 0.05, p <
0.01). The collagen level is essential for new capillary formation.
Representative immunohistochemistry images of Col I demonstrated
that the Col I expression of C@P-treated mice was amplified at 7 and 14
days compared to that in the DM-0 group (Fig. S8a), and the increase in
Col I of the DM-C@P group was statistically significant compared to that
in the DM-0 group at 14 days (p < 0.05). However, Col I expression in
the DM-C group was significantly lower than that in the DM-0 group at 7
and 14 days (p < 0.01, p < 0.05, respectively), and Col I expression in
the DM-P group was significantly lower than that in the DM-0 group at
14 days (p < 0.01, Fig. S8b). The representative images showed that the
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DM-C@P group had a massive Col III positive area (Fig. S8d), and Col III
expression in C@P-treated mice was increased at 7 and 14 days
compared to that in the DM-0 group (Fig. S8¢c, p < 0.01, p < 0.05).
Consequently, the C@P hydrogel accelerates wound repair and
angiogenesis.

3.4. C@P hydrogel inhibited inflammation

In the early wound healing stage, macrophages respond to inflam-
matory cells [46]. F4/80 is a mature mouse macrophage marker, and
macrophages were examined by immunohistochemistry of the cell
marker F4/80 at 7 and 14 days (Fig. 3a and b). Representative images at
high magnification showed that there was an enormous F4/80 positive
area in the DM-0 group. The F4/80-positive staining areas in the wound
beds of DM-C, DM-P, and DM-C@P were lower than those in DM-0 at
both 7 and 14 days (p < 0.05, p < 0.01). DM-C@P exhibited the lowest
F4/80 expression at 7 days and 14, indicating minimal macrophages in
the wound area. iNOS and CD206 are functional markers of the M1 and
M2 phenotypes respectively [47-49]. As shown in Fig. 3c-g, immuno-
fluorescence of iNOS and CD206 in the wound bed was observed at 7
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and 14 days. iNOS expression in the wound bed of C@P-treated mice
was threefold compared to that in the DM-0 group at 7 days (p < 0.01).
Compared with the DM-C and DM-P groups at 7 days, iNOS expression in
the wound bed of the DM-C@P group was significantly reduced (p <
0.01, p < 0.05). CD206 expression in the wound bed of DM-0 mice
decreased progressively from day 7 to day 14. CD206 expression in the
DM-C@P group was reduced, with no significant difference at 7 days,
and slightly elevated at 14 days compared with DM-0 mice. However,
CD206 expression in the DM-C and DM-P groups was significantly
reduced at 7 days compared to that in the DM-0 group (p < 0.05). The
iNOS/CD206 ratio of the DM-C@P group (0.725) at 7 days was signifi-
cantly lower (p < 0.05) compared with iNOS/CD206 ratio of the DM-0
group at 7 days (1.325). Conversely, compared with the iNOS/CD206
ratio of the DM-0 group at 7 days, the ratio of the DM-C (2.965) and
DM-P (2.383) groups was significantly elevated (p < 0.05, p < 0.01).
Moreover, the iNOS/CD206 ratio expression in the four groups at 7 days
was reduced compared to that at 14 days. Overall, the C@P hydrogel
reduced the number of macrophages and inhibited the polarization of
M1 macrophages in the diabetic wounds.

Macrophages play important roles in the progression of diabetes,
which is sustained by chronic inflammation, and M1 macrophages
produce and secrete higher levels of the pro-inflammatory cytokines IL-
1p and TNF-a [50]. IL-1p luciferase transgenic mice were used to observe
the dynamic expression of IL-1f in the control and C@P groups for 14
days. Although the fluorescence intensity of the wound bed collected
from the C@P group was higher than that of the control group at 1 and 3
days, it was markedly lower than that of the control group at 5, 7, 10,
and 14 days (Fig. 4a). After 10 days, the control group showed strong
fluorescence emission. Immunohistochemical staining was used to
assess IL-1p expression in the wound bed. Statistical results showed that
IL-1p expression in the wound bed of C@P-treated mice dropped
dramatically at 7 days and 14 compared to that in the DM-0 group. IL-1$
expression in the wound bed from the C@P-treated group was signifi-
cantly inhibited compared to that in the DM-C or DM-P groups at 7 days
(Fig. 4b and c). TNF-a expression in the wound bed of the C@P-treated
group was significantly reduced compared to that in the wound bed of
the DM-0 group at 7 and 14 days (p < 0.05). TNF-a expression in
DM-C@P mice was markedly reduced at 14 days compared with that in
DM-C or DM-P mice (p < 0.05, p < 0.01, Fig. 4d and e).
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3.5. miR-29ab1~’~ and diabetic wound inflammation

Based on our previous work, miR-29 is closely associated with in-
flammatory responses and angiogenesis [44,51]. miR-29a/b1 accumu-
lation in the healthy skin wound at 0, 7, and 14 days (Control, HL-SW7,
and HL-SW14) was evaluated and showed no notable relationship with
the wound healing process (Fig. 5a and b). However, miR-29a/b1l
expression was significantly increased in diabetic skin wounds at 0, 7,
and 14 days (p < 0.01, Control, DM-SW7, and DM-SW14, Fig. 5¢ and d).
Relative miR-29a/bl expression in newborn skin collected from
DM-C@P decreased significantly at 7 and 14 days compared with that
from DM-0 mice (p < 0.01, Fig. 5e and f). Compared with the relative
miR-29a/bl expression in the DM-C or DM-P groups, the relative
miR-29a/b1 expression in the DM-C@P group decreased significantly at
7 and 14 days (p < 0.05, p < 0.01). In vitro experiments, relative
miR-29a/b1 expression in CS-treated, PUE-treated, and C@P-treated
macrophages was reduced slightly at 1 day compared with the control
group. Moreover, relative miR-29a/b1 expression in C@P-treated mac-
rophages was markedly downregulated compared with that in the con-
trol group at 4 days (p < 0.05, p < 0.01, Fig. 5g and h). Hence, the above
results suggest that miR-29abl was tightly linked with the diabetic
wound, and the C@P hydrogel accelerated the healing process by
inhibiting ectopic high miR-29ab1 expression.

To further verify the regulation of miR-29ab1 in inflammation and
wound healing, miR-29abl™/~ mice were used to create the full-
thickness skin wound. The skin wound area of miR-29ab1 ™/~ mice got
smaller than that of WT mice at 7 and 14 days from the presented images
(Fig. 6a). miR-29ab1 /" mice exhibited improved wound closure rates
(%) and shorter wound length compared with WT mice, accompanied by
pronounced increases in cell density of the wound bed at 7 and 14 days
(Fig. 6b-d). However, the number of granulocytes concomitantly
decreased in miR-29abl™/~ mice compared with that in WT mice
(Fig. 6e). VEGF and Col I expression in WT mice and miR-29abl ™/~ mice
were further subjected to extensive histomorphometric analyses, and
results revealed that VEGF and Col I expression in miR-29ab1 ™/~ mice
was significantly higher than that in WT mice at 7 days and 14 days
(Fig. 6f-i). Therefore, miR-29ab1 ™/~ mice presented excellent wound
healing and angiogenesis compared to WT mice.

To further understand the role of miR-29ab1l on macrophage phe-
notypes in skin wound healing, the expression of F4/80, iNOS, and
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CD206 was evaluated using immunohistochemistry analysis (Fig. 7a-h).
Compared to WT mice, F4/80 expression of miR-29abl ™~ mice in
wound bed was decreased significantly at 14 days and decreased slightly
at 7 days. Immunofluorescence staining demonstrated that iNOS
expression in the wound bed of miR-29ab1~/~ mice was lower than that
in WT mice at 7 and 14 days. CD206 expression in the wound bed of
miR-29abl ™~ mice was slightly reduced at 7 and 14 days compared to
that in the WT mice. Compared to the iNOS/CD206 ratio of WT mice at
14 days, the ratio of miR-29ab1~/~ mice was significantly reduced (p <
0.01). The statistical results showed that IL-1f (Fig. 7i and j) and TNF-o
(Fig. 7k and 1) expression in miR-29ab1 ™/~ mice was lower than that in
WT mice.

4. Discussions
Macrophages play a critical role in wound healing. In healthy

wounds, macrophages are capable of phagocytosis of dead granulocytes,
thus promoting an M1-M2 macrophages phenotypic switch [52].
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Diabetes mellitus is a chronic inflammatory disease [53].
Pro-inflammatory macrophages (M1) persist in the long term without
transitioning to an anti-inflammatory phenotype (M2) in chronic DM
wounds, which is considered to result in sustained inflammation and
impaired tissue repair [54-57]. Research has shown that a decreased
ratio of M1/M2 macrophages correlates with biomaterial vasculariza-
tion [8]. Thus, correcting prolonged inflammation and suppressing
excessive M1 macrophages in DM wounds were the main research ob-
jectives of the current study.

Various methods can be used to regulate inflammation and macro-
phage orchestration. Chemical composition and structure construction
are two types of methods that can be applied to regulate macrophage
activation. Shape, stiffness, and surface properties are physical factors
that influence inflammation and macrophage activation. Increased
expression of arginase 1 (Arg-1) along with a decrease in iNOS occurs in
materials with large fibers, which is beneficial from the infiltration and
natural spread-out morphology [58]. In addition to physical factors,
chemical signals can affect macrophage activation. Metal ions, such as
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zinc, magnesium, and calcium, are known to promote M2 macrophage
activation at appropriate concentrations [59]. Traditional Chinese
medicine is receiving increasing attention because of its superior ability
to regulate the immune response [60,61]. PUE exhibits multiple phar-
macological activities such as antioxidant and anti-inflammatory ac-
tivities [62], collagen production [63] and attenuation of insulin
resistance [18,64]. Chitosan-based hydrogels have been shown to
accelerate diabetic wound healing by inhibiting excessive inflammation
[65-67]. In this study, a C@P hydrogel with a nanofiber structure was
constructed, and the results showed that C@P hydrogel could improve
diabetic wound healing by suppressing inflammatory reactions and
regulating macrophage activation. These beneficial effects may be
attributed to both physical and chemical clues. On the one hand,
nanofiber-like C@P provided a good texture for macrophage filtration
and spread, thus accelerating M1 suppression, while the C@P hydrogel
exhibited multiple pharmacological activities, including
anti-inflammatory and macrophage regulation.

The miR-29 family members play critical roles in diabetes and
inflammation because of their direct involvement in regulating insulin
secretion by  cells as well as macrophage inflammatory tone. The type 1
diabetic mouse model, associated with insulitis, shows enhanced
expression of miR-29 in p cells [68], and f cell-derived exosome miR-29
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is transcellularly transported into circulating monocytes/macrophages
with diabetes progression [39]. Interestingly, miR-29 is among the most
highly expressed microRNAs in the pancreas [69] and is expressed at
low levels in the intact skin [44,70]. Therefore, miR-29ab1 expression in
normal skin of healthy and diabetic mice did not differ. However, the
upregulation of miR-29a and miR-29b1 was induced by full-thickness
wound stimuli. miR-29a/b1 showed a slight increase in wounded skin
compared to intact skin in healthy mice. In contrast, diabetic wounds led
to approximately 55 folds and 24 folds increase in miR-29a and
miR-29b1 expression, respectively, compared with intact diabetic skin
after 7 days. The circulating macrophages or monocytes originating
from the pancreas contain high miR-29ab1 due to the induction of high
blood glucose [39]. When the skin is damaged in diabetic mice, the
pro-inflammatory =~ phenotype of macrophages induced by
damage-associated molecular patterns (DAMPs) secrete abundant IL-1§
and TNF-a, which increase the recruitment of circulating and local
macrophages and activate them to M1-like phenotype, resulting in an
increase of miR-29ab1 [71,72]. Therefore, it can be speculated that the
combinatorial stimulation of skin wounds and diabetes showed a cu-
mulative effect on abundant macrophage containing-miR-29a/b1 in the
diabetic wound bed. This is consistent with a report by Liu, which
showed that reduced expression of miR-192 in quiescent macrophages
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could be activated by inflammatory factors [73]. Aberrant miR-29a/b1
elevation is associated with prolonged M1 activation. Reference data
showed that miR-29 promoted M1-like remodeling and proin-
flammation via miR-29 exosomes in a TRAF3-dependent manner, acting
as a brake of IL-1f signaling [74]. Hence, an increase in cellular
miR-29ab1 levels can inhibit TRAF3 expression, which might initiate
upregulation of IL-1p and result in proinflammation, which is consistent
with our observations in our miR-29a/bl deletion mice. In turn,
miR-29ab]l stimulates IL-1p and TNF-a expression in cells to aggravate
M1 activation [39]. Adverse wound repair occurs in diabetic mice as an
autocrine loop of IL-1p/TNF-a/miR-29abl stimulation. Consequently,
correcting ectopic miR-29a/b1 is favorable for regulating excessive M1
macrophages, which are pivotal for DM-wound repair.

The miR-29 gene family comprises two clusters: miR-29ab1 and miR-
29cb2 [75], and the miR-29 family participates in the regulation of gene
expression and tissue metabolism, depending on different subtypes and
pathological conditions [76,77]. Our previous study demonstrates that
the miR-29ab1/SLIT3 axis contributes to regulation of subcutaneous
angiogenesis in host immune responses [44]. In this study, we further
found the complex functions of miR-29abl in the pro-inflammatory
response in diabetic wounds and uncovered a novel pharmacological
activity of the C@P hydrogel as a suppressor of miR-29ab1 expression.
The differences in angiogenesis and collagen production among CS,
PUE, and C@P may be attributed to the differential regulation of local
macrophage function and miR-29a/b1 levels. Critical evidence shows
that the C@P hydrogel may directly benefit diabetic individuals by
regulating miR-29ab1 expression of M1 macrophages and inhibition of
inflammation. In summary, we found that ectopic high expression of
miR-29ab1 is one of the causes of delayed skin wound healing, which
can be corrected using the C@P hydrogel. This work may provide insight
into the regulation of miRNAs by materials and a new mechanism of
wound healing.

5. Conclusions

Diabetic skin wounds are difficult to heal in clinics owing to sus-
tained inflammation. In this study, we found that ectopic high miR-
29abl was tightly related to inferior diabetic wound healing, which is
believed to contribute to prolonged M1 macrophage polarization and
elevated TNF-a and IL-1p levels in diabetic mice. Results were verified
by the reversed trend observed in miR-29abl deletion mice. Chito-
san@puerarin hydrogel was synthesized, and results showed that it
promotes diabetic wound healing by suppressing ectopic miR-29abl
mediated macrophages and regulating inflammation. This mechanism
may provide a broad spectrum of applications in the material design for
diabetic wound healing.
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