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ARTICLE INFO ABSTRACT

Keywords: The efficient cutaneous wound healing accompanied with the enhanced skin appendage regeneration is still a
Bioactive dressing challenge. The bacterial infection and excessive/prolonged inflammation inhibit wound healing process and
Polycitrate result in the scar formation. Herein, we reported an anti-inflammatory polycitrate-polyethyleneimine-Ibuprofen
:ggz:ft:?;‘aﬁon (PCEI) and multifunctional PCEI-based F127-e-polypeptide-alginic (FEA) dressing (FEA-PCEI) for accelerating

wound healing and hair follicle neogenesis. PCEI showed the excellent anti-inflammation function through
stimulating macrophage towards anti-inflammatory M2 subtype polarization. The FEA-PCEI dressing showed the
temperature-response gelation, injectability, robust antibacterial activity, light-damage-resistant, homeostasis
ability, and good cytocompatibility. The optimized dosage of FEA-PCEI dressing could significantly accelerate
wound healing with anti-infection ability, reduce the scar formation, and promote the hair follicle neogenesis.
This study provided a wound-repairing strategy through regulating the phenotype of immune cells by the de-

Wound healing

signing bioactive multifunctional biomaterials.

1. Introduction

Surgeries, traumas, abrasions, and burns caused the cutaneous
wounds with the risk of infection and induced acute inflammatory re-
sponse [1]. The main wound healing processes include homeostasis,
inflammation, cell proliferation, and tissue remodeling, which are very
important for final outcome of wound healing and skin regeneration.
Homeostasis often happens right away after injury, which could avoid
further infection and ulceration [2]. Subsequently, the control of in-
flammation plays a more vital role on further vascularization and
wound healing. TNFa, one of the most important inflammation factors,
acted as the upstream regulation factor, which often increased in the
first few days and was used as the target to promote wound healing
[3,4]. Macrophages, one of the most important cells taking part in in-
flammation phage, have two subtypes: M1 phase macrophage (pro-in-
flammation) and M2 phase macrophage (anti-inflammation) [5]. The
two types of cells can transform with each other under a specific
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condition. Although inflammation is a vital step in wound healing, the
prolonged inflammation usually delays the wound contraction [6].
Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most widely
used anti-inflammatory medicines in the world, which usually block
Cox-1 and Cox-2 enzymes to inhibit prostaglandins expression, and then
reduce inflammation and pain [7]. Among them, Ibuprofen (IBU) was
one of the most popular drugs, which showed the less adverse reactions.
However, the half-life of IBU is only 2 h [8]. Thus, an effective method
for sustained release is necessary to utilize IBU for wound healing
[9,10].

To fight off infection, numerous antibiotic drugs were investigated
and used [11], which may cause the antibiotic resistance that was not
helpful for wound healing [12]. Alternatively, e-Poly-L-lysine (EPL), as a
natural polypeptide produced by the bacteria, possesses good anti-
bacterial capacity and has already been employed to construct the an-
tibacterial biomaterials for tissue regeneration [13,14]. EPL could alter
the structure of bacteria membrane and induce ROS to induce bacteria
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death [15-17]. In addition to infection, normal skin without enough
protection can also be easily burned by strong ultraviolet (UV) radiation
in sunlight which prohibit collagen damage and cell death. Therefore,
the wound dressings with UV-shielding feature could benefit wound
healing process [18,19]. Compared with other wound dressing mate-
rials, the hydrogel dressings can give the wound a moist environment,
absorb redundant exudates, and allow oxygen to permeate. At the same
time, the injectable feature makes hydrogel easy to be used for any
irregular wound. The self-healing property for hydrogel could accom-
modate the alteration of wound [20]. In all, the hemostatic and anti-
inflammatory ability, antibacterial activity without antibiotic re-
sistance, anti-light damage, injectability, and self-healing are necessary
features for multifunctional wound repair dressing.

The citric acid-based polymers (PCs) possess good biocompatibility,
biomimetic elastomeric behavior with skin, and controlled degradation
[21,22]. In recent years, our group developed multifunctional PCs-
based biopolymers with antibacterial, photoluminescent, gene binding
ability and demonstrated their promising applications in bioimaging,
anti-infection, gene delivery, bone/muscle/skin regeneration [23-25].
In this study, to demonstrate the role of the anti-inflammatory capacity
on wound healing, we first constructed a polycitrate-polyethelene-IBU
(PCEI) polymer and then fabricated the multifunctional hydrogel
dressing through the crosslinking between PCEI and F127-EPL-alginate
(FEA-PCEI hydrogel). The cutaneous wound healing and hair follicle
neogenesis effects of FEA-PCEI dressing were evaluated in the mouse
skin defect model.

2. Materials and methods
2.1. Synthesis and characterizations of PCE-IBU (PCED)

For the synthesis of PCG, 976.3 mg citric acid (CA) was fused at
160 °C, followed by the addition of 523.7 mg 1,8-Octanediol and 1.5 g
PEG1000 under 140 °C. For the synthesis of PCE-IBU, 0.002 mol PCG
and 0.004 mol ibuprofen (IBU) were dissolved in 2-ethanesulfonic acid
(MES). Then, 0.006 mol EDC was added under string for 30 min. After
that, 0.006 mol NHS was added and reacted overnight. Last, 0.002 mol
PEI dissolved in dH,O was added for another 24 h at room temperature.
The 'H nuclear magnetic resonance (*H NMR) instrument (AVANCE III
HD 600 MH, Bruker) and Fourier transformation infrared (FTIR) spec-
troscopy (NICO-LET 6700, Thermo) were used to analyze the physico-
chemical structure of the IBU, PCE, PCEI, respectively. In brief, the FTIR
spectra of materials in the range of 4000 to 650 cm ~* were obtained by
attenuated total reflection FTIR (ATR-FTIR) method at a scan resolution
of 4 cm™ . The 'H NMR spectra of IBU were measured using dimethyl
sulfoxide-d6 while PCE and PCEI polymers was measured using heavy
water (D,O) as a solvent. In addition, the number-average molecular
weight (Mn), weight-average molecular weight (Mw), and poly-
dispersity (PDI, Mw/Mn) of polymers were measured using the gel
permeation chromatography (GPC) instrument (Waters 1525, Waters).

2.2. Gene expression detection and flow cytometry analysis

5 x 10* mouse-derived macrophage RAW264.7 was placed into a
12-well cell culture plate. 1 pg/ml lipopolysaccharide (LPS) was added
into each well to induce the macrophage M1 polarization for 12 h.
Then, the equal volume of ddH,O (control group), PCE (50 pg/ml),
PECI (50 pg/ml), PECI (5 pug/ml), PECI (500 pg/ml), or PECI (5000 pg/
ml) was added. The RNAs of macrophages were isolated using Trizol
reagent after 24 h of incubation. Reverse transcription and real time
PCR were then performed. The 24T method was used for gene ex-
pression analysis. GAPDH was used as a reference gene. For the flow
cytometry analysis, the 1.0 x 10° cells were resuspended in 100 pL of
flow buffer (0.5% bovine serum albumin and 2 mM EDTA in PBS). Pre-
conjugated antibodies CD86-FITC, CD206-FITC, or rat Isotype IgG
control antibodies were added into each sample for 10 min in the dark
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at 4 °C. Cells were then washed twice and resuspended in flow buffer for
detection (BD LSRFortessa).

2.3. Multifunctional properties evaluations

The thermo-sensitivity, injectability, and self-healing ability of hy-
drogel was investigated according to previous report [18]. In addition,
the TA rheometer (DHR-2) was used to analyze the storage modulus
(G"), loss modulus (G”), and viscosity of FEA-PCEI hydrogel under dif-
ferent temperature, oscillation strain, or shear rate during the de-
gradation process. The anti-UV capacity was tested by analyzing the
skin tissue change after UV-irradiation between 280 and 370 nm for
30 min. A mouse hemorrhaging liver model was utilized to evaluate the
hemostatic ability of hydrogel. Three types of bacteria, including E. coli
(Gram-negative), S. aureus (Gram-Positive) and MRSA (Drug-resistant),
were used to evaluate the antibacterial ability of hydrogel. All animal
protocols in this study were approved by the Animal Care and Use
Committee of Xi'an Jiaotong University. The supported information
provided the detailed experimental procedures.

2.4. Wound healing performance

A total of 54 mice were anesthetized, shaved, and created two 8 mm
circle wounds on the dorsal skin of each mouse by trephine. FEA or FEA
hydrogel with different dosages of PCEI was injected into the skin de-
fect. Specially, FEA-PCEI@40 means FEA with 40 mg/mL of PCEL
Commercial 3 M dressing was covered as a control group. 6 wound
samples in each group were harvested, fixed, dehydrated, embedded in
paraffin, and sectioned at day 3, 7, and 14. Hematoxylin and eosin (H&
E) staining and Masson's trichrome staining were performed for histo-
logical analysis. For immunofluorescence, the rehydrated sections were
heated in 10 mM citrate buffer for 15 min, then blocked by 5% bovine
serum albumin (BSA) for 1 h. The primary antibody TNFa (Affinity
Bioscience) was added as 1:50 at 4 °C overnight. The secondary goat
anti-rabbit antibody was used as 1:200 at 37 °C for 1 h. The images
were captured with a fluorescence microscope (Leica TCS SP8 STED 3X,
Germany).

2.5. Statistical analysis

GraphPad Prism 6 software was used for statistical analyses. The
Student's unpaired t-test was applied for the comparison of the differ-
ences of gene expression levels, bacterial clone numbers, total loss of
blood and wound closure rate. P-value < 0.05 was considered as sta-
tistically significant. There is a minimum of n = 3 for all groups.

3. Results
3.1. Synthesis and physicochemical structure characterization of PCEI

The PCEI was synthesized using PCG, PEI and Ibuprofen through the
carboxy and amino reaction (Scheme 1 & Fig. S1). The chemical
structure of PCE, IBU and PCEI was identified by the 'H NMR spectra
analysis. The multiple peaks at about 4.0 ppm and 3.2 ppm belonged to
the methylene connected to the ester bond (-COO-CH,-) and amido
bond (-CONH-CH,-), which indicated the successful synthesis of PCE
polymer [1]. Compared with PCE, the presence of peaks at 7.1-7.2 were
identifled as phenyl group (—CgHy4—) in PCEI polymer which con-
firmed the formation of PCEI (Fig. 1A). The chemical structure of IBU,
PCE, and PCEI was also determined by the ATR-FTIR analysis (Fig. 1B).
In the spectra of PCE, the peak at 1731 cm ™! was identified as the
carbonyl group (-C=O0-) in the ester bonds (~COO-) and amido bond
(—-CONH-) [26]. The disappearance of the peak at 1720 cm ! indicated
that the carboxyl group (-COOH) of IBU was successfully reacted with
the amino group (-NH,) of PCE polymer. In addition, the peaks at
950 cm ' and 1393 cm ™! belonged to the —CH in benzene ring and
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Scheme 1. Schematic illustration showing the synthesis of F127-EPL, AA, multifunctional FEA-PCEI scaffold dressing, and the potential process in wound healing and

follicle neogenesis.

methyl group (-CHj) of IBU, respectively [27]. All the results confirmed
the synthesis of PCEI polymer. In addition, the Mn, Mw and PDI of PCEI
polymer were 6831 g/mol, 6856 g/mol, and 1.0038, respectively, as
shown in Fig. S5.

3.2. Cytotoxicity and anti-inflammation activity of PCEI

To test the cell biocompatibility of PCEI, the RAW 264.7 macro-
phages were treated with different dosages of PCE and PCEI After
cultivation for 2 days, there was no significant cytotoxicity of PCEI from

20 pg/mL to 150 pg/mL (Fig. S2), suggesting the good
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cytocompatibility of PCEI. To further analyze the anti-inflammation
activity of PCEIL, the RAW 264.7 macrophages with M1 polarization
were used. After incubation for 24 h, PCEI could significantly inhibit IL-
1b but increase IL10 expression compared with PCE-treated group and
control group (Fig. 2A). Moreover, we examined how PCEI could re-
program macrophages phenotype using flow cytometry based on the
M1 marker CD86 and M2 marker CD206. It was shown that PCEI could
significantly increase the number of M2 macrophages from 0.8% to
22.3% but had no significant effect on the alteration of the percentage
of M1 macrophages. (Fig. 2B). In addition, we also tested the other
dosages effect of PCEI on the anti-inflammation activity and
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Fig. 1. Chemical structure characterization of IBU, PCE and PCEIL 'H NMR spectra of PCE (A), PCE-IBU (B) and IBU (C). (D) FTIR spectra of IBU, PCE and PCEL
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Fig. 2. Anti-inflammation and polarization effect of macrophages by PCE-IBU.
(A) The gene expression of pro-inflammation factor IL-1b and anti-inflamma-
tion factor IL10. (B) The CD86 (M1) or CD206 (M2) positive cells were tested by
flow cytometry after PCE or PCE-IBU treated.

macrophage polarization (Fig. S3). As the results showed, a low dosage
of PCEI could not inhibit inflammation and make macrophage M2 po-
larization. A high dosage of PCEI could result in cell death. These re-
sults suggested that suitable dosage of PCEI could efficiently inhibit the
inflammation and enhance the M2 polarization of macrophage.

3.3. Synthesis and multifunctional properties evaluation of FEA-PCEI
dressing

To realize the wound healing application of anti-inflammatory PCEI,
the multifunctional FEA-PCEI hydrogel was fabricated through the
Schiff base crosslinking between F127-EPL, AA, and PCEI (Scheme 1).
The F127-EPL polymer was synthesized through a two-step chemical
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reaction (Fig. S4). The mean Mn, Mw and PDI of F127-EPL were
48036 g/mol, 48742 g/mol, and 1.0147, respectively (Fig. S5). The
chemical structure of F127-EPL and FEA were identified by the FTIR
analysis (Fig. S6A). The FEA hydrogel showed an obvious three-di-
mensional porous morphology (Fig. S6B). The thermo-sensitivity, in-
jectability, self-healing ability, and rheological properties of the FEA-
PCEI hydrogels were shown in Fig. 3. From 4 °C to 37 °C, both F127-EPL
and FEA-PCEI hydrogels exhibited the sol-gel transition, indicating the
thermo-sensitivity of the two types of hydrogels. Compared with F127-
EPL, FEA-PCEI hydrogel exhibited the gel state at 25 °C, suggesting the
decreased gelation temperature (Fig. 3A). The FEA-PCEI hydrogel could
be injected through the needle, showing its good injectability capacity
(Fig. 3B). The cut hydrogel could heal together after 1 h, indicating the
good self-healing ability based on the dynamic Schiff based bond
(Fig. 3C). In addition, the mechanical behavior of the hydrogels was
also evaluated by measuring the rheological properties. Compared with
F127-EPL, the G’ and G” of the FEA and FEA-PCEI hydrogel increased
along with the temperature and showed the certain stability at different
temperatures (Fig. 3D and Fig. S7A). Along with the increase from 4 °C
to 37 °C, the G’ was always higher than G” in FEA and FEA-PCEI hy-
drogel, and the modulus increased slightly after 20 °C. By contrast, the
G’ gradually exceeded G” in the F127-EPL at 32 °C (Fig. S7B). These
results indicated that the FEA-PCEI hydrogel possessed good thermo-
responsive sol-gel transformation. The viscosity of FEA-PCEI hydrogel
decreased with the increase of shear rate, indicating that the hydrogel
had the shear-thinning properties, which provided the possibility of
injectability of the hydrogel (Fig. 3E and Fig. S4C). In addition, the G’
and G” of FEA and FEA-PCEI hydrogel showed a negligible change after
two cycles of oscillation strain changed from 1% to 1000%. However,
the G’ of F127-EPL needed a period of time to recover after high os-
cillation strain, indicating the good self-healing ability of the FEA-PCEIL
hydrogel (Figs. 3F and S6D). These results indicated that FEA-PCEIL
hydrogel possessed multifunctional properties including thermo-re-
sponsive gelation, injectability, and self-healing ability to enable their
promising applications in skin wound healing.

3.4. Anti-UV, hemostasis, and antibacterial capacities evaluation

In addition to the multifunctional physical properties, the FEA-PCEI
hydrogel also showed the anti-UV capacity which could protect skin
from UV irradiation damage (Fig. 4) and hemostasis capacity (Fig. 5).
To evaluate the anti-UV capacity of FEA-PCEI hydrogel on skin, we
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Fig. 3. Multifunctional physical properties of FEA-PCEI hydrogels. (A) The sol-gel transition with the change of temperature; (B) Injectable ability through the
needle; (C) Self-healing process through analyzing the two separated hydrogel for 1 h; (D) The G’ and G”at 4, 25 and 37 °C within 1 min; (E) The viscosity with the
shear rate changed from 1 to 100 1/s; (F) The G’ and G” of during cycling two times between 1% and 1000% oscillation strain.
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Fig. 4. Anti-UV ability of FEA-PCEI hy-
drogel. (A) The sketch map of anti-UV ex-
periment using wavelength of
280 nm-370 nm, FEA-PCEI and F127 were
2 injected onto the naked skin, and the mouse
head was covered by aluminum foil to pre-
vent UV irradiation; (B) The absorbance
from 250 nm to 700 nm was measured by
UV-vis spectrometer; (C) Masson trichrome
- staining for the skin tissue after 30 min ir-
240 440 640 radiation. The damaged tissue was labelled
Wavelength (nm) by yellow arrows.
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B ook Fig. 5. Hemostasis capacity of FEA-PCEI hydrogel

in the mouse liver hemorrhaging model. (A) Real-

time status of livers treated with nothing (control

2004 —I— group), Merocel (commercial control), or FEA-

PCEI after needling with 18 gauge at0's, 155, 30 s

and 60 s; (B) Total blood effusion from liver after

60 s treated with control group (CTRL), Merocel,
or FEA-PCEI (n = 5, ***p < 0.001).
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Fig. 6. Anti-bacterial ability of FEA-PCEI hydrogel. (A) The bacterial clones of E. coil, S. aureus and MRSA after incubation with F127 or FEA-PCEI for 4 h; (B) The
clone numbers of E. coil, S. aureus and MRSA (n = 3, ***p < 0.001).

covered the mouse skin with FEA-PCEI or F127 hydrogel (Fig. 4A). The covered by FEA-PCEI was well-protected compared with naked skin or
FEA-PCEI hydrogel showed a significant UV absorbance below 400 nm F127 covered skin. Masson trichrome staining showed that FEA-PCEIL
compared with F127 (Fig. 4B). After UV irradiation for 30 min, skin covered skin had a similar collagen structure with normal skin.
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However, collagen in naked or F127 covered skin was damaged (yellow
arrows) (Fig. 4C). To determine the hemostasis capacity of FEA-PCEI
hydrogel, the mouse liver hemorrhaging model was used. We took the
real-time images at 15 s, 30 s, 60 s after treatment with blank, Merocel
(commercial hemostatic sponges), or FEA-PCEI hydrogel. Merocel and
FEA-PCEI group showed the significant hemostasis capacity compared
with the control (no treatment) group (Fig. 5A). The total mass of blood
loss in each group after 60 s was calculated. The blood loss in FEA-PCEI
group (35.93 =+ 7.62 mg) was similar to that in Merocel group
(50.73 = 4.352 mg, p = 0.26), which was significantly less than
control group (173.1 = 15.28 mg, p < 0.001) (Fig. 5B). To confirm
whether the FEA-PCEI hydrogel had broad-spectrum antibacterial ac-
tivity, the E. coil, S. aureus or MRSA were cultured with FEA-PCEI or
F127 for 4 h at 37 °C respectively. As shown in Fig. 6, FEA-PCEI hy-
drogel showed the significantly strong antibacterial activity compared
with F127 hydrogel. No bacteria growth was found in FEA-PCEI group
(Fig. 6A-B). These results confirmed the good anti-UV, hemostatic and
broad-spectrum antibacterial activity of FEA-PCEI hydrogel dressing.

3.5. The controlled release of IBU and wound healing assessment of FEA-
PCEI

To confirm the release of IBU from FEA-PCEI hydrogel dressing, the
release behavior from the hydrogel in PBS with pH = 5.5 and pH = 7.4
was tested. Additionally, the release of IBU from FEA-PCEI hydrogel
was faster in acidic (pH 5.5) than that in alkaline (pH 7.4) condition,
which was probably due to the breakage of Schaff base bond in hy-
drogel under the acidic condition (Figure S9 A-B). The IBU in FEA-PCEI
hydrogel could be released sustainably for 72 h. Meanwhile, the weight
of FEA-PCEI hydrogel gradually decreased during degradation (Fig.
S90C). In addition, during the process of degradation, the modulus and
viscosity of the FEA-PCEI were also measured. The modulus of FEA-
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PCEI gradually decreased during the process of degradation. The
change of hydrogel modulus was relevant with pH. The modulus of
hydrogel in solution of pH 7.4 was higher than that of pH 5.5 at 12 h
and 24 h (Fig. S8A). Besides, the hydrogels could keep their injectability
and self-healing capacity in solutions of pH 7.4 and pH 5.5 during de-
gradation (Fig. S8 B-F).

Based on the anti-inflammatory activity and multifunctional prop-
erties of FEA-PCEI hydrogel, the full-thickness cutaneous wound model
was used to evaluate the skin repair ability of hydrogel dressing. The
FEA hydrogel and commercial 3 M membrane were used as control
groups. Fig. 7A-B shows the pictures of skin wound and wound closure
rate at three different time points during the wound healing process. On
day 3, no significant differences were found on wound closure rate
between FEA and FEA-PCEI (Fig. 7B). At day 7, the wound closure rate
in FEA-PCEI@0.4 and FEA-PCEI@0.04 increased to 68.80% =+ 2.96%
(p < 0.05) and 78.27% =+ 3.68% (p < 0.05) respectively, which
were significantly higher compared with 3 M and FEA group. Moreover,
the wound closure rate in FEA-PCEI@0.04 group was significantly
higher than that in FEA group. After 14 days of treatment, the wound
healing rate in FEA-PCEI@0.04 and FEA-PCEI@0.04 reached
92.69% = 0.92% and 95.84% = 0.95%, respectively, which were
significantly higher than that in 3 M (89.04% = 1.00%) and FEA
group (88.38% = 4.58%) (Fig. 7B).

To further understand the tissue structure and hair follicle neo-
genesis in wounds, we collected and sectioned the neo tissues on day
14. Hematoxylin-Eosin (H&E) staining showed that wounds in 3 M
group were still not fully repaired. Compared with other groups, the
hair follicles (yellow arrows) could be found in FEA-PCEI@40 and FEA-
PCEI@0.4 groups. Especially in FEA-PCEI@0.4 group, more hair folli-
cles neogenesis under epithelial layer could be seen (Fig. 7C). Fur-
thermore, Masson trichrome staining further showed the intact skin and
more hair follicles in FEA-PCEI@0.4 compared with other groups. The
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Fig. 8. Immunofluorescence of inflammatory factor TNFa on wound tissue sections after treating by dressing at day 3. (A)The green channel showed TNFa ex-
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Masson staining sections indicated that the thickness of epithelial layer
in FEA-PCEI@0.4 group was similar to normal skin, and much thinner
than 3 M, FEA or FEA-PCEI@0.04/4 groups (Fig. 7D, black arrows).
Based on the comprehensive analysis of wound closure rate, wound
tissue structure, hair follicles neogenesis, and thickness of epithelial
layer, it was shown that FEA-PCEI@0.4 scaffold dressing was an ideal
one to accelerate wound healing and promote hair follicles neogenesis.
To prove the anti-inflammation function of FEA-PCEI scaffold dressings,
we stained the pro-inflammation factor TNFa at day 3 (Fig. 8A).
Compared with 3 M group, FEA and FEA-PCEI@4/40 group sig-
nificantly enhanced the expression of TNFa. However, the FEA-PCEI@
0.4 group could significantly decrease the TNFa expression (Fig. 8A and
B). The results proved that the proper dosage of PCEI could inhibit
excessive inflammation during wound healing.

4. Discussion

In our study, we synthesized the PCEI polymer with excellent anti-
inflammation activity and polarization regulation on macrophage.
Then, we fabricated a PCEI-based FEA-PCEI hydrogel dressing with
multifunctional thermosensitive, injectable, self-healing, anti-UV, anti-
bacterial, hemostatic capacities for efficient wound healing. The early
fetal skin repair showed scar-less regeneration because of the lack of
typical inflammatory process [28]. Acute inflammation may lead to the
patient death while prolong inflammation could inhibit wound healing
and induce scar formation [29]. The transforming growth factor beta
(TGF-P), a key factor for collagen synthesis, could induce scar forma-
tion and cardiac fibrosis with excessive dosage, which would affect the
normal function of tissues and organs. Inhibiting TGF-B-related re-
ceptor expression could reduce the tissue fibrosis and scar formation

[30,31]. IBU, one of the most popular NSAIDs, permitted for children's
use, has been used to decrease acute pain and treat chronic in-
flammatory disease. In addition, it could effectively inhibit the TGF-B
expression, which could be used for decreasing the scar formation. In
our study, compared with FEA-PCEI@0.4 group, the FEA-PCEI@0.04
group grew faster along with a thicker epithelia but no hair follicles
neogenesis after 14 days post-surgery, which meant that FEA@0.04
group may harbor higher expression of TGF-$ to promote cell pro-
liferation. Meanwhile, the thickness of epithelial layer in FEA-PCEI@0.
4 group was similar to that in normal tissue and lots of hair follicles
could be found under epithelial layer, which meant that this group
entered into the remodeling phase earlier. Therefore, a proper dosage of
IBU could acculturate the collage remodeling and hair follicle neo-
genesis.

Our study found that the high dosage of FEA-PCEI such as FEA-
PCEI@4 and FEA-PCEI@40 resulted in a strong inflammatory response.
The low dosage group such as FEA-PCEI@0.04 did not induce hair
follicles formation, although it could promote the wound closure on day
7 and day 14. Therefore, the too high or too low dosage of PCEI was not
optimal for hair follicle neogenesis and skin regeneration. Interestingly,
the optimized dosage FEA-PCEI@0.4 group could significantly decrease
the expression of inflammation factor TNFa at the inner and outer re-
gions of scabs, which may probably promote the process of wound
healing. Additionally, our multifunctional FEA-PCEI hydrogel dressing
possessed good hemostatic and anti-bacterial capacities which could
also help the wound healing [32]. Additionally, the anti-UV feature for
FEA-PCEI hydrogel dressing could protect the wound from light-in-
duced damage [33]. The multifunctional properties of FEA-PCEI dres-
sing with bioactive anti-inflammatory ability enabled the promising
application in wound skin repair and regeneration.
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5. Conclusion

In summary, we reported a bioactive anti-inflammatory polymer
PCEI and a multifunctional FEA-PCEI hydrogel dressing for cutaneous
wound healing and appendage regeneration. The PCEI could efficiently
increase the number of anti-inflammatory M2 macrophage and inhibit
the expression of inflammatory factors. FEA-PCEI hydrogel showed the
injectable, self-healing, anti-UV, hemostatic and antibacterial proper-
ties, which efficiently enhanced the cutaneous wound healing and ap-
pendage regeneration with high anti-inflammatory activity in vivo. This
study suggests that FEA-PCEI is a very promising dressing for wound
repair and skin regeneration.
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