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A B S T R A C T

Designing wound dressing materials with outstanding therapeutic effects, self-healing, adhesiveness and suitable
mechanical property has great practical significance in healthcare, especially for joints skin wound healing.
Here, we designed a kind of self-healing injectable micelle/hydrogel composites with multi-functions as wound
dressing for joint skin damage. By combining the dynamic Schiff base and copolymer micelle cross-linking in one
system, a series of hydrogels were prepared by mixing quaternized chitosan (QCS) and benzaldehyde-terminated
Pluronic®F127 (PF127-CHO) under physiological conditions. The inherent antibacterial property, pH-dependent
biodegradation and release behavior were investigated to confirm multi-functions of wound dressing. The hy-
drogel dressings showed suitable stretchable and compressive property, comparable modulus with human skin,
good adhesiveness and fast self-healing ability to bear deformation. The hydrogels exhibited efficient hemostatic
performance and biocompatibility. Moreover, the curcumin loaded hydrogel showed good antioxidant ability
and pH responsive release profiles. In vivo experiments indicated that curcumin loaded hydrogels significantly
accelerated wound healing rate with higher granulation tissue thickness and collagen disposition and upregu-
lated vascular endothelial growth factor (VEGF) in a full-thickness skin defect model. Taken together, the an-
tibacterial adhesive hydrogels with self-healing and good mechanical property offer significant promise as
dressing materials for joints skin wound healing.

1. Introduction

Skin damage is one of the most common physical injury throughout
human history [1,2]. Designing new wound dressing materials has been
an imperative issue in modern medical technology finding [3,4].
Among these novel dressing materials fabricated in recent years, hy-
drogel with high-water content and biocompatibility is considered as a
promising candidate for practical application [1,5,6]. Firstly, by pro-
viding a porous structure and suitable swelling ratio, hydrogel matrix
can allow for oxygen presence, absorb the exudates, maintain moist
healing environment [7] to promote wound healing [8]. Secondly,
hydrogel adhesives could isolate the external bacteria cloning and
promote gaseous exchange that inhibits the proliferation of anaerobic
bacteria [9–12]. Furthermore, the antibacterial property of traditional

dressing is endowed by antibiotics capsulated in the hydrogel matrix
[13]. However, the dressing material with inherent antimicrobial
property is more attractive, because this kind of inherent antibacterial
hydrogel could present consistent antibacterial activity [14–17].
Thirdly, unlike traditional wound dressing (gauze and cotton wool),
bioactive molecules loaded hydrogel dressings exhibited desirable
biological activity by releasing encapsulated drug from the hydrogel
matrix. The released drug molecules play an imperative role on wound
healing [5,14], such as curcumin which has powerful modulating ef-
fects on every phase of wound healing [18–20]. Fourthly, physiological
milieu of the wounded skin is faintly acidic [21]. Thus, pH-responsive
hydrogel dressing which could release encapsulated drug smartly was
more beneficial to the actual needs.

In addition, traditional dressing material such as bandage faces
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considerable problems in joint wound [22]. Bruises and scrapes on
extremities make up majority of skin trauma. Due to the frequent mo-
tion and bending, like ankle, knee and wrist, when the traditional
dressing materials are applied on these joints, patients are tied with
them, which dramatically increases their discomfort and incon-
venience. The unstable connection between dressing materials and
wound site also weakens their availability and reliability [23]. On the
contrary, hydrogel with moderate stretching and compressive capacity,
good interfacial adhesion and comparable modulus with human soft
tissue [24,25] renders us a brand-new choice as wound dressing for
joints. This kind of hydrogel can tolerate mechanical deformation
caused by movements of the extremities and thus provide stable con-
nection between joint and dressing material. Furthermore, accidental
external mechanical force may cause avulsion of dressing materials
[24,26,27]. While hydrogel dressing with rapid self-healing ability
could repair the damage automatically and prolong the service time
[28–31]. Single dynamic covalent bonds (Schiff base) were employed to
re-establish hydrogel networks to get their desirable self-healing prop-
erty in our prior work [1,16,32]. While in the recent work, the hydrogel
integrating two or more kinds of physical and chemical interactions in
one system endows the material more stable mechanical properties and
excellent self-healing ability [12,33–36], which is attributed to the
combined action between effective energy dissipation mechanism and
the effect of dynamic chemical covalent bonds [37,38]. Upon loading or
deformation, physical interactions could dissipate energy, and these
interactions can reform during unloading or resting, leading to the re-
covery of this kind of hybrid hydrogel composites from damages and
fatigues [39]. While, combination of malleability, compressibility, fa-
tigue resistance properties, and self-healing ability in one hydrogel
system as wound dressing is highly challenging. Due to these superior
abilities, this kind of self-healing hydrogel is capable of sealing the
wound site completely on the precondition of patients' practical need
and protect it from a second injury [1]. Until now, as a kind of novel
wound dressing, especially for joint skin wound care, the injectable
hydrogel which integrates multi-functions, including inherent anti-
bacterial activity, adhesiveness, hemostasis, pH responsiveness, desir-
able mechanical property and self-healing ability, has not been re-
ported.

This work reports a series of versatile injectable hydrogels with self-
healing, adhesiveness, stretchability, hemostasis, pH responsiveness
and inherent antibacterial property as novel joint skin wound dressing.
We furthermore demonstrated that these hydrogel dressings greatly
promoted the healing process compared to commercial dressing
(Tegaderm™) in a full-thickness skin defect model. The hydrogels were
prepared by mixing quaternized chitosan (QCS) solution and benzal-
dehyde-terminated poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO99-b-PPO65-b-PEO99, Pluronic® F127 (PF127))
(PF127-CHO) solution at different -CHO/-NH2 ratios under physiolo-
gical conditions (Fig. 1a and b). PF127 was chosen as a crosslinker due
to its good property of self-assembly into micelle in water and good
biocompatibility [40–42]. In this work, we combined the dynamic
Schiff base bond and PF127 micelle cross-linking as two kinds of dy-
namic crosslinking in one hydrogel to get excellent mechanical property
and self-healing ability (Fig. 1c). The hydrogel exhibited excellent
malleability and compressible property and self-healing ability under
multi-cyclic deformation. And these series of hydrogels exhibited ex-
cellent antibacterial property, biocompatibility, efficient blood clotting
capacity, and good adhesiveness compared to the previous reported
injectable hydrogels. [43–46] In addition, the curcumin loaded hy-
drogel (Cur-QCS/PF) showed tunable antioxidant ability. Furthermore,
the results of wound contraction area, histopathological examinations,
biochemical analysis and immunofluorescence staining were employed
to evaluate the in vivo therapeutic effects of Cur-QCS/PF hydrogel
dressing. All the data indicated that these antibacterial adhesive in-
jectable self-healing hydrogels with excellent mechanical properties
show great potential as wound dressing especially for joints skin wound

healing.

2. Experimental section

2.1. Materials

Chitosan (Mn=100000–300000 Da) was obtained from J&K
Scientific Ltd. Glycidyltrimethylammonium chloride (GTMAC), poly
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
(PEO99-b-PPO65-b-PEO99, Pluronic® F127 (PF127)), 4-hydro-
xybenzaldehyde, and curcumin were purchase from Sigma. All other
reagents were used without further purification.

2.2. Synthesis of quaternized chitosan (QCS)

QCS was synthesized according to our previous publications with
some modifications [1,47]. The details are available in SI Materials and
methods.

2.3. Synthesis of benzaldehyde-terminated PF127 (PF127-CHO)

PF127-CHO was synthesized by using a procedure with some
modifications [33,35]. The details are available in SI Materials and
methods. The structure of PF127-CHO was confirmed by 1H NMR
spectra as shown in Fig. S1.

2.4. Preparation of curcumin loaded PF127-CHO micelles (Cur-PF127-
CHO)

Cur-PF127-CHO micelles were synthesized by a one-step solid dis-
persion method [5,48]. The Cur-PF127-CHO solution was stored at 4 °C
before use. The details are available in SI Materials and methods.

2.5. Synthesis of QCS/PF and Cur-QCS/PF hydrogels

QCS polymer was dissolved in phosphate-buffered saline (PBS) to
form 5% wt/vol QCS solution at 55 °C. To tune molar ratio
(R=0.8–1.3) of -CHO/-NH2, the desired amount of PF127-CHO was
dissolved in PBS (pH=7.4) to form 24–40% (wt/vol) solutions. The
hydrogels were prepared by mixing QCS solution and PF127-CHO so-
lution in a ratio of 2:3 (v/v) at 37 °C, and the hydrogel samples were
shown in Fig. 2a. The method of recording the gelation time is tube
inversion method [49]. After the dissolution of PF127-CHO and QCS
polymer in a centrifuge tube, the sol-to-gel transition of QCS and
PF127-CHO mixture at 37 °C was determined by tube inversion every
10 s. When the hydrogel precursor stopped flowing upon tube inver-
sion, the gelation time was recorded.

For Cur-QCS/PF hydrogels, they were prepared with a similar way
of QCS/PF hydrogels, except that using Cur-PF127-CHO solutions as
crosslinker.

2.6. Characterization

The fourier transform infrared spectroscopy (FT-IR), the 1H nuclear
magnetic resonance (1H NMR), thermogravimetric analysis (TGA), dy-
namic light scattering (DLS), scanning electron microscope (SEM),
transmission electron microscope (TEM), injectability, rheological
properties, swelling ratio, in vitro degradation and water vapor per-
meability [50–52] were used to investigate the chemical and physical
characterizations of copolymer samples or hydrogels. The details are
available in SI Materials and methods.

2.7. Self-healing performance of hydrogels

Macroscopic self-healing experiments and quantitative self-healing
test were chosen to evaluate the self-healing performance of hydrogels
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[32]. The details are available in SI Materials and methods.

2.8. In vitro drug release study

Different pH values of PBS (pH value=7.4, 6.8, 6.0) were chosen to
evaluate the in vitro drug release behavior of hydrogels and the released
behavior of hydrogels from different crosslinking density (Cur-QCS/
PF1.3, Cur-QCS/PF1.2, Cur-QCS/PF1.0, Cur-QCS/PF0.8) was tested
[53]. The details are available in SI Materials and methods.

2.9. Mechanical properties of QCS/PF hydrogel

The mechanical tensile stress−strain tests were evaluated by the
uniaxial tensile test employing an Instron materials test system (MTS
Criterion 43; MTS Criterion) equipped with a 50 N tension sensor

[54–56]. The compressive and recovery properties were investigated
using a rheometer (Model DHR-2, TA Instruments). The details are
available in SI Materials and methods.

2.10. Adhesive strength test of the hydrogel

The adhesive ability of the hydrogels to the host tissue was con-
ducted by using fresh porcine skin according to our previous work [16].
The details are available in SI Materials and methods.

2.11. Antioxidant efficiency of hydrogels

The antioxidant efficiency of hydrogels was evaluated by the
method of scavenging the stable 1, 1-diphenyl-2-picrylhydrazyl (DPPH)
free radical [57]. The details are available in SI Materials and methods.

Fig. 1. Schematic representation of Cur-QCS/PF hydrogel synthesis. (a) Synthesis scheme of QCS polymer, (b) PF127-CHO polymer, (c) Schematic illustration of Cur-
QCS/PF hydrogel and TEM image of PF127-CHO micelles. Scale bar: 200 nm. (d) The original, bending, compression, stretching, twisting and knotting shapes of
rhodamine B dyed QCS/PF1.0 hydrogels. Scale bar: 1 cm.
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2.12. In vivo hemostatic ability test

Hemorrhaging liver mouse (Kunming mice, 30–35 g, female) were
employed to evaluate the hemostatic potential of the QCS/PF1.0 hy-
drogels according to the reference [58,59]. The details are available in
SI Materials and methods.

2.13. Cytocompatibility evaluation of the hydrogels

The cytocompatibility of QCS/PF hydrogels was determined by a
direct contact method between hydrogels and mouse fibroblast (L929)
cells. The details are available in SI Materials and methods.

2.14. Antibacterial activity evaluation

Escherichia coli (ATCC 8739) and Staphylococcus aureus (ATCC
29213) were employed to test the hydrogel surface antibacterial ac-
tivity according to the reference [15,47]. The details are available in SI
Materials and methods.

2.15. In vivo wound healing in a full-thickness skin defect model

The in vivo wound healing experiments were carried out by a full-
thickness skin defect model according to our previous work [1], and
Female Kunming mice (30–40 g, 5–6-week age) were employed in this
study. The details are available in SI Materials and methods. All animal
studies were approved by the animal research committee of Xi'an
Jiaotong University.

2.16. Histologic analysis

The epidermal regeneration and inflammation in wound area were
evaluated by using histopathologic examination. Subsequently, the
sections were immunohistochemical stained with TNF-α and VEGF by
using standard protocols. The details are available in SI Materials and
methods.

2.17. Statistical analysis

Statistical differences (*p < 0.05) were determined using one-way
ANOVA followed by Bonferroni post hoc test for multiple comparisons
by SPSS, version 24 (IBM). In all cases, differences were considered

Fig. 2. Characterization of QCS/PF hydrogels. (a) Parameter and gelation time of hydrogel samples; (b) FT-IR spectra of QCS, PF127-CHO and QCS/PF hydrogel; (c)
Photographs of QCS solution before crosslinking, PF127-CHO micelle solution (dyed with rhodamine B) and QCS/PF hydrogel. Scale bar: 1 cm; (d) Equilibrium
swelling ratio of hydrogels after swelling for 24 h in PBS (pH 7.4) at 37 °C; (e) Pore size of hydrogels; (f) Degradation profiles of the hydrogels in PBS with pH 6.8 and
7.4 at 37 °C; (g) SEM images of hydrogels. Scale bar: 100 μm.
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significant if p < 0.05. Results were expressed as mean ± standard
deviation (SD).

3. Results and discussions

3.1. Synthesis of stretchable compressible self-healing injectable hydrogels

In this study, we designed a kind of self-healing injectable hydrogel
dressing with excellent antibacterial property, good adhesiveness and
blood clotting capacity. These hydrogels also exhibited good compres-
sive and stretchable property and comparable modulus to human soft
tissue [24]. The schematic representation of the hydrogel dressing was
shown in Fig. 1. Although chitosan has abundant biomedical ad-
vantages, like benign gelation condition, antimicrobial ability, an-
algesic effect and hemostatic activity, the limited solubility in water
and other organic solvents impedes its further applications [17,60,61].
In this work, quaternized chitosan (QCS) was chosen as the main ma-
terial of the hydrogel due to its high solubility in physiological en-
vironment and enhanced antibacterial performance than chitosan
[47,62]. The QCS polymer was firstly synthesized by grafting GTMAC
on the chitosan chain (Fig. 1a). The QCS/PF hydrogels were synthesized
by mixing QCS and PF127-CHO solution (Fig. 1b) together at physio-
logical conditions (Fig. 1c), and amino groups from QCS and aldehyde
groups from PF127-CHO polymer formed Schiff base bond in the hy-
drogel network. As a typical amphiphilic triblock copolymer, PF127
self-assembles into micelles in water (Fig. 1b), thus PF127 micelles act
as dynamic micro-cross-linker in forming the first hydrogel network.
Next, dynamic chemical bond (Schiff base) and the micelle cross-linking
in one system formed this kind of hybrid physically–chemically cross-
linked double network hydrogels (Fig. 1c), leading to the unique me-
chanical and self-healing property of QCS/PF hydrogel [39]. As shown
in Fig. 1d, the original, bending, compression, stretching, twisting and
knotting shapes of QCS/PF1.0 hydrogels exhibited their flexible me-
chanical properties. Four kinds of hydrogel samples were prepared by
tuning the -CHO/-NH2 ratio from 1.3 to 0.8, respectively. Fig. 2a shows
detailed parameters and characterizations of QCS/PF hydrogel samples
and 40% (wt/vol) of PF127-CHO hydrogel was chosen as a control
group.

The chemical structures of QCS, PF127-CHO and QCS/PF hydrogel
were confirmed by FT-IR in Fig. 2b. The obvious characteristic peak of
1475 cm−1 in QCS was assigned to the methyl bond of GTMAC [47,63],
indicating that GTMAC was successfully grafted onto chitosan back-
bone. The peak at 1734 cm−1 in PF127-CHO was the stretching vi-
bration of -C]O bond of aldehyde group, suggesting that -CHO was
successfully introduced to PF127 [32]. A peak at 1644 cm−1 in QCS/PF
hydrogel appeared due to the characteristic absorption of the newly
formed Schiff base from amine group of QCS and aldehyde group of
PF127-CHO [64], indicating that the hydrogel network was formed
successfully. Furthermore, the weakened peak of 1734 cm−1 in the
hydrogel also verified that -CHO in PF127-CHO polymer was partially
consumed, and the results indicated that the QCS/PF hydrogels were
successfully synthesized via dynamic Schiff base.

TGA is used to determine the thermal stability of the hydrogels, and
the results are plotted in Fig. S2. The initial thermal decomposition of
QCS polymer took place at 200 °C. The PF127-CHO began to decompose
around 345 °C and the PF127-CHO was completely decomposed at
420 °C. The TGA curves of QCS/PF hydrogels showed a higher de-
composition temperature at 370 °C, indicating that the hydrogels ex-
hibited higher thermal stability than PF127-CHO. This is because hy-
drogels formed a condensed network by crosslinking between QCS and
PF127-CHO.

3.2. Gelation time, swelling ratio, morphology and in vitro degradation of
the hydrogels

The gelation time of hydrogels is important for biomedical

application [65,66]. The method of recording the gelation time is tube
inversion method (Fig. 2c) [67,68]. With the increase of concentration
of PF127-CHO from 14.4% to 24% (wt/vol), the gelation time of QCS/
PF (Fig. 2a) decreased accordingly from 90 s to 20 s, because the hy-
drogel crosslinking density enhanced with more crosslinker addition. In
addition, pure PF127-CHO hydrogel with high concentration (40%) was
employed as a control. While its gelation time was longer than these
series of self-healing stretchable hydrogels, due to its single crosslinking
approach. Generally, these hydrogels with rapid gelation time are sui-
table for practical application. Usually, hydrogel dressing could main-
tain a considerable moist wound environment and could absorb tissue
surplus exudates [1]. Herein, the equilibrated swelling ratios (ESR) of
hydrogels were determined in PBS of pH=7.4 at 37 °C after 24 h. In
Fig. 2d, all the hydrogels could swell sharply (ESR>8), but ESR of
QCS/PF1.3 was lower than other three hydrogel groups which is at-
tributed to its highest crosslinking density [68].

The morphologies of hydrogels were observed by SEM. All the hy-
drogels showed porous structures (Fig. 2g). The average diameter of
QCS/PF1.3, QCS/PF1.2, QCS/PF1.0, and QCS/PF0.8 was 20 μm, 27 μm,
37 μm and 55 μm, respectively (Fig. 2e), and this is due to the increased
crosslinking density in the hydrogel. The pore size of QCS/PF0.8 was
larger than the other three groups (p < 0.05), and pore size of QCS/
PF1.0 was larger than QCS/PF1.3 (p < 0.05). Hence, with the porous
structure, the series of QCS/PF hydrogels have potential as wound
dressing materials [7].

Considering the application in biomedical field [69], the degrada-
tion performance of the hydrogels was also evaluated. pH 7.4 PBS was
chosen to simulate the physiological microenvironment. As shown in
Fig. 2f, there were about 62% (QCS/PF1.3), 48% (QCS/PF1.0) and 36%
(QCS/PF0.8) mass remaining after 25 days' incubation in PBS of pH 7.4,
indicating that all these hydrogel groups exhibited desirable degrada-
tion characteristics for in vivo application.

3.3. Rheological properties and mechanical properties of QCS/PF hydrogels

Like ankle, knee, hip and wrist, these joints are movable and need to
bend frequently. Hence, it's imperative that designing novel wound
dressing materials with desirable mechanical properties, including
stretchability, compression and recovery properties and mechanical
stability. The Fig. 3a demonstrated good reversibility of QCS/PF1.0
hydrogel during elongation and relaxation. The tensile testing for these
hydrogels was further carried out as shown in Fig. 3b, and the Young's
modulus, tensile stress, and strain of the hydrogels were shown in
Fig. 3c. The hydrogels showed suitable stretchability (76.1%–58.2%)
for joint bending which matches the extensibility of the native skin
(60–75%) perfectly [3], and QCS/PF1.3 with the highest PF127-CHO
content exhibited the highest elongation-at-break (∼76.1%). Ideally,
the tensile moduli of hydrogel dressings should match the moduli of the
underlying and neighboring tissues, because this could assure their
integrity, and hydrogel adhesives can adhere to skin then secure wound
safety until it is healed [23]. The Young's modulus of QCS/PF hydrogels
was 21.5 kPa–37.3 kPa (Fig. 3c), which were comparable to human skin
[24]. In addition, their moduli were similar to the modulus of a hybrid
hydrogel with covalent and ionic crosslinking (∼29 kPa) [35,70] and
were higher than that of a hydrogen bonds based hydrogel
(1.66 ± 0.47 kPa) [71].

The mechanical stability of hydrogels was evaluated using QCS/
PF1.0 hydrogel sample by fifty successive loading−unloading cycles. In
Fig. 3d, there were minor recovery losses existing in the latter cycles.
After fifty successive loading−unloading cycles, a decrease of tensile
stress (≈20%) of QCS/PF1.0 was recorded. And these demonstrated
fatigue resistant property of the hydrogels [39]. The storage modulus
(G′) and loss modulus (G″) of the hydrogels versus time were detected
using a rheometer at fixed frequency (1 rad s−1) to obtain the rheolo-
gical properties of the hydrogels with different cross-linking densities.
In Fig. 3e, with the increase of crosslinker concentration in the
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Fig. 3. Mechanical characterizations of QCS/PF hydrogels. (a) Photographs of stretching and release process of QCS/PF1.0 hydrogel; (b) Stress−strain profile of
hydrogels; (c) Summary of mechanical properties; (d) Cyclic tensile tests of QCS/PF1.0 hydrogel at a strain of 50% under the deformation rate of 30mm/min; (e)
Rheological behavior of hydrogels; (f) Compression and tension stress strain curves of QCS/PF1.0 hydrogel at strains from 10% to 90%; Compression and tension
stress strain curves of QCS/PF1.0 hydrogel at strains of (g) 90% and (h) 60%; (i) Photographs of compression and release process of QCS/PF1.0 hydrogel; (j) The
schematic diagram of the proposed mechanism for stretchable and compressive QCS/PF hydrogels; (k) Photograph of Cur-QCS/PF1.0 hydrogels that were applied on
the human elbow. Scale bar: 5 cm.
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hydrogels, the G′ of these hydrogels increased gradually from 22 kPa to
53 kPa. And all QCS/PF hydrogels exhibited higher G′ than our previous
work and some single chemically crosslinked self-healing hydrogels
which can provide stable crosslinking networks [1,16,26,29,32].

The compression and recovery properties were also comprehen-
sively investigated [30]. In Fig. 3f, the QCS/PF1.0 hydrogels deformed
and compressed when they were endured external compression at a set
of strain from 10% to 90%, while they could recover to their initial
shape quickly when the loading was released. When the hydrogels were
subjected to 50 cyclic tensile tests with maximum compression strain of
90% (Fig. 3g), the hydrogels showed hysteresis and minor permanent
deformations, suggesting energy dissipation existing in the hydrogel
network [30,72]. At lower strain (60%) (Fig. 3h), neither serious plastic
deformation nor strength decrease occurred in QCS/PF1.0 hydrogels,
indicating their good robustness and resilience property. Additionally,
these mechanical performances were superior to previous single phy-
sically/chemically crosslinked chitin-based hydrogel (fracture
stress:40–50 kPa, fracture strain:27–50%) [73] and double-cross-linked
chitin hydrogels (fracture strain:< 80%) [72]. Fig. 3i displayed good
reversibility of QCS/PF1.0 hydrogel during compression and relaxation.
All these results showed that QCS/PF hydrogels had stable and well-
maintained network after 50 cycles loading.

As shown in Fig. 3j, this kind of hybrid micelle/hydrogel composite
exhibited desirable mechanical properties which is attributed to the
introduction of PF127 micelles and dynamic chemical Schiff base in the
hydrogel. PF127 micelles acted as dynamic micro-cross-linkers in the
hydrogel network, and they could break and dissipate energy upon
loading, and reform during unloading, resulting in the recovery of hy-
drogels from deformation [35,39,74]. Besides this, chain sliding by the
simultaneous fracture and reconfiguration of the Schiff base also caused
the unique bonding feature [35]. Herein, combining the effect of dy-
namic Schiff base (covalent bonds) and micelle cross-linking interaction
(non-covalent interactions) of PF127 in one system, endows the hy-
drogel stretchable, compressible and recovery mechanical properties
[26,35]. Due to the good stretchability, compressive property and re-
covery, when the Cur-QCS/PF1.0 hydrogel was applied on the elbow
(Fig. 3k), the experimenter could freely bend one's elbow (intersection
angle from 0° to 180°) without any resistance, which verified the
practical uses of this hydrogel as joint skin wound dressing.

3.4. Self-healing performance and injectability of QCS/PF hydrogels

Frequent motion and bending of joints could cause the traditional
wound dressing's deformation, abrasion even damage when the dres-
sing is bearing external mechanical force. Hence, self-healing hydrogels
as new wound dressing could prolong their service time greatly. To
evaluate the self-healing performance of the QCS/PF hydrogels, mac-
roscopic self-healing test and rheological recovery test were performed.
In Fig. 4a–f, the hydrogels were cut into disks with the same height
(0.3 cm), and the hydrogel disks were then put together and placed at
25 °C for 2 h to make them heal without any external intervention. Then
self-healed columnar hydrogel can be hold up under the force of gravity
(Fig. 4f). Furthermore, the two different colors of hydrogel disks were
cut into tiny pieces (Fig. 4b) and blended homogeneously (Fig. 4c). The
mixture was put into a cylindrical mold for 2 h at room temperature.
These hydrogel pieces could heal together and formed their original
disk shape and there was no boundary among hydrogel pieces (Fig. 4d).
Besides the excellent high self-healing efficacy, compared with single
dynamic chemical bonds formed hydrogel, this chemically-physically
linked hybrid hydrogel exhibited comparatively rapid self-healing rate.
As shown in Fig. 4g and h, the rhodamine B dyed hydrogel (QCS/PF1.0)
was cut into 2 pieces, and they could heal immediately within 3 s.

Rheological recovery test was further employed to evaluate the self-
healing behavior of the hydrogels. From the results of strain amplitude
sweep of the QCS/PF1.0 hydrogel (Fig. 4i), the intersection point be-
tween G′ and G″ was 113.7%, which means the collapse of the hydrogel

network at this point. Afterwards, the continuous step strain method
was used to perform the rheological recovery behavior of the hydrogel.
Damage of the self-healing hydrogel after a higher strain and instant
recovery of the hydrogel after healing at the lower strain were exhibited
in Fig. 4j. At the high dynamic strain (200%), the G′ of the hydrogel
decreased from 35000 Pa to 920 Pa, and G′′ > G′, indicating the col-
lapse of the hydrogel network. Due to the shear-thinning property of the
hydrogels [75], they could be extruded through a 26-gauge needle
without any clogging (Movie S1), indicating their good injectability.
When the hydrogel was applied on low strain (1%), the G′ returned
quickly to its initial value, indicating that the hydrogel network re-
covered efficiently. Furthermore, G′ and G″ of the original hydrogel and
the hydrogel after experiencing cutting-healing process were measured
(Fig. S3). The healed hydrogel showed nearly the same values of G′ and
G″ with the original hydrogel, which indicated superior self-healing
feature of QCS/PF hydrogel. The self-healing ability of the hydrogels is
attributed to PF127 micelle physical cross-linking interaction, and the
dynamic covalent Schiff-base bonds between the amine groups (QCS)
and benzaldehyde (PF127-CHO).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2018.08.044.

3.5. In vitro antibacterial assay and in vitro cell compatibility for QCS/PF
hydrogels

Besides acting as a barrier to protect the wound tissue from external
bacterial infection, an optimum wound healing dressing possessing
inherent antimicrobial properties would be more attractive [14]. In this
study, the surface antibacterial activity of all QCS/PF hydrogels was
evaluated using both E. coli (Gram-negative bacterium) and S. aureus
(Gram-positive bacterium). In Fig. 5a–c, when contacting with bac-
terium for 2 h at 37 °C, all the hydrogel groups exhibited excellent
killing ratio (> 90%) for both S. aureus and E. coli, indicating their
excellent inherent antibacterial properties. Positive-charged amino
groups and quaternary ammonium groups of QCS could damage the
walls of the bacteria leading to the intracellular fluids release by elec-
trostatic adherence with cytoderm of bacteria [47,57]. The Schiff bases
including aromatic ring also played an important role on antimicrobial
activity and Schiff base compounds have been proved to be promising
leads for the design of more efficient antimicrobial agents [76].
Therefore, the combined action of active Schiff bases, protonated amino
groups and quaternary ammonium groups endowed these hydrogels
outstanding antibacterial performance. On the other hand, all the
samples exhibited slightly lower activity against E. coli than S. aureus.
This is because the structure of the cytoderm of E. coli is more com-
plicated than that of the S. aureus [77]. Above all, all these hydrogels
have good antibacterial properties.

The good cytocompatibility is the prerequisite for well-designed
materials for biomedical field [78]. AlamarBlue® assay and LIVE/
DEAD® Viability/Cytotoxicity Kit assay were used to evaluate QCS/PF
hydrogels cytocompatibility. By using a direct contacting method,
L929 cells were seeded in the 96-well plate with the same initial density
and TCP was chosen as a control. In Fig. 5d, there was an obvious
growth trend of cell proliferation among all the hydrogel groups during
the three days. At the first day, compared with other hydrogel groups
and TCP, QCS/PF1.3 hydrogel showed the lowest cell viability
(P < 0.05). And, the other hydrogel formulations exhibited compar-
able cell viability with TCP. At the second day, all the groups showed
pronounced L929 cells proliferation. After the L929 cells were con-
tinued to incubate from the second day to the third day, there was still
continuous cell proliferation in all the groups. QCS/PF1.3 hydrogel
exhibited lower cell number than QCS/PF1.0 and QCS/PF0.8
(P < 0.05), and there was a significant difference in cell viability
among group of QCS/PF1.2, QCS/PF1.3 with TCP (P < 0.05). The
QCS/PF1.0 exhibited good cytocompatibility with comparable cell
number of TCP. For the LIVE/DEAD assay (Fig. 5e), the results agreed
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with that of alamarBlue® assay. Majority of L929 cells, with a spindle-
like morphology, were green in all the hydrogel groups and TCP after 3
days' incubation, and there were only few dead cells. All these results
demonstrated that the QCS/PF1.0 hydrogels had good cytocompat-
ibility as a promising candidate as wound dressing.

3.6. In vitro pH-responsive release behavior of Cur-QCS/PF hydrogels

Various studies have shown that the powerful modulating effects on
wound healing of curcumin [18]. It has excellent biochemical effects,
such as its anti-inflammatory, anti-infectious and anti-oxidant activity.
And it has also been found that curcumin enhances the migration of
fibroblast, collagen deposition and re-epithelization [14,18]. Hence, we
employed curcumin as a model drug and encapsulated it in the hy-
drogel matrix to promote wound healing. Curcumin exhibited a turbid
yellow suspension in water, indicating that curcumin could not be
dissolved in aqueous solution (Fig. S4 (left)). Obviously, Cur-PF127-
CHO mixture (Fig. S4 (right)) in water formed a transparent solution,
demonstrating that PF127-CHO greatly promoted the solubility of
curcumin in water due to the formation of PF127 micelles as shown in
TEM image in Fig. 1c. The average micelle size of PF127, PF127-CHO
and Cur-PF127-CHO were 120 nm, 115 nm and 179 nm, respectively
(Fig. S5). The size of nanoparticles increased after the incorporation of
curcumin into the micelles. The size of PF127-CHO by TEM observation
(Fig. 1c) generally agreed with the result from DLS test. Furthermore,
physiological milieu of the skin is acidic, which could support the
natural barrier function and help to counteract microbial colonization
[21]. Especially, majority of wounds, including acute wounds, wounds

with pus or necrotic tissue and chronic wounds that progress in their
healing process, show an acidic pH [79]. Therefore, it is desirable to
develop new drug loaded wound dressing with the property of pH-re-
sponsiveness to meet patient's demand. The in vitro drug release beha-
vior of these stretchable, self-healing hydrogels in different pH values
(pH=6.8, 6.0 and 7.4) of PBS as release medium was studied. In
Fig. 6a and Fig. S6, compared with normal physiological environment
(PBS, pH=7.4), QCS/PF1.0 in acidic environment (PBS, pH=6.8,
6.0) behaved faster release rate and more drug release amount in total.
Specifically, in the earlier release stage (< 50 h), the group in the acidic
environment showed higher release rate in terms of percentage (pH
6.0 > pH 6.8 > pH 7.4). After 288 h of incubation, approximately
78% of curcumin was released in PBS at pH 6.0, and about 61% and
28% curcumin were released in PBS at pH 6.8 and 7.4, respectively.
These results indicated that these pH sensitive hydrogels released sig-
nificantly more drug in the acid environment which was adapted to
physiological skin milieu and majority of wounds. pH sensitive release
property of the hydrogels was attributed to the pH-dependent de-
gradation behavior of QCS/PF hydrogels [80]. As shown in Fig. 2f, all
these hydrogel groups in the acidic PBS degraded quicker than that of
physiological environment. This might be due to the protonation of the
amino groups of chitosan at acidic pH, and thereafter the in-
tramolecular electrostatic repulsion and enhanced hydrophilicity would
make the hydrogel swell dramatically [32]. Furthermore, the cross-
linking point Schiff base would be destroyed and decomposed gradually
in acid medium [15]. Moreover, PF127-CHO content can also tune the
release rate of curcumin (Fig. S7). Fig. 6g is the schematic diagram of
application of the hydrogel dressing. When the hydrogel dressing is

Fig. 4. Self-healing property of the hydrogels. (a) Two disk-shaped hydrogels (QCS/PF1.0 hydrogel and Cur-QCS/PF1.0 hydrogel); (b) The two different color
hydrogel disks were cut into tiny pieces; (c) The hydrogel pieces were blended together and put into a cylindrical mold; (d) The hydrogel pieces healed completely
into one block after 2 h at 25 °C; (e) Scheme of the self-healing process; (f) The hydrogel cylinders healed completely into one block after 2 h at 25 °C. (g–h)
Photographs of hydrogels' rapid self-healing performance (< 3 s). Scale bar: 1 cm; (i) G′ and G″ on strain sweep and (j) the rheological properties of the hydrogel
when alternate step strain switched from 1% to 200%. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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applied on the joints closely, the encapsulated drug (curcumin) can be
released consistently.

3.7. Antioxidant ability of Cur-QCS/PF hydrogel

Enormous free radicals would exist in the wound site and these
radicals will result in oxidative stress leading to lipid peroxidation, DNA
breakage, and enzyme inactivation, including free radical scavenger
enzymes etc. [14]. Curcumin has excellent antioxidant property to
scavenge free radicals, improve significantly wound healing and protect
tissues from oxidant [18]. Herein, the antioxidant activities of Cur-
QCS/PF hydrogels and pure curcumin solution were evaluated by
testing the scavenging efficiency for DPPH• [81]. Taken Cur-QCS/PF1.0

hydrogel as an example, there was obvious decrease in the intensity of
DPPH• absorption peak after adding Cur-QCS/PF1.0 hydrogels (Fig. 6b
and Fig. S8), indicating that these hydrogels had good antioxidant
ability. Pure curcumin solution (Fig. S9) showed more obvious DPPH•
scavenging efficiency at lower concentration (< 0.06mg/mL). But
hydrogel groups showed increased antioxidant ability with the increase
of curcumin concentration (> 0.06mg/mL, DPPH• scavenging effi-
ciency>80%). Overall, Cur-QCS/PF hydrogels with good antioxidant
ability show great potential as wound dressing materials.

3.8. Adhesive property of QCS/PF hydrogels

Upon application, the hydrogel dressing must adhere to the wound

Fig. 5. Surface antibacterial activity against (a) E. coli and (b) S. aureus of QCS/PF hydrogels; Photographs of survival bacteria clones on agar plates after contacting
with hydrogels: E. coli (c) and S. aureus; (d) Cell viability when contacting with hydrogels and TCP; (e) Live/dead staining of L929 cells after contacting with
hydrogels and TCP for 3 days. Data indicate mean ± SD (n = 4). Error bar indicates standard deviation. *P < 0.05. Scale bar: 200 μm.
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site completely and seal it to prevent bacterial cloning, as well as the
exudation of fluids, by acting as an adhesive, hemostat, or sealant [23].
The adhesive strength of the hydrogels was evaluated employing a lap
shear testing [16]. As shown in Fig. 6c, adhesive strength of the hy-
drogels increased gradually from 4.4 ± 1.3 kPa to 6.1 ± 1.2 kPa by
increasing the content of PF127-CHO, and there was no significant
difference among those groups. These series of hydrogels demonstrated
desirable adhesive strength which was higher than our previous work
[1,16] and maintained a comparable strength with fibrin glue adhesive
(Greenplast®) (about 5 kPa) [59]. When applied on the porcine skin, the
formed QCS/PF1.0 hydrogel adhesive could adhere the two pieces of
porcine skin closely and withstand 100 g loads (Fig. 6c, e). This might
be mainly because the Schiff base formation between aldehyde groups
from PF127-CHO in the hydrogels and amine groups from surrounding
tissue surface [1,23,82]. Moreover, chitosan could interact with the
phospholipid molecules on the cell membranes via electrostatic and
hydrophobic interactions which also contribute to the suitable adhesive
strength of the hydrogels [83].

3.9. In vivo hemostatic performance and water vapor permeability for QCS/
PF hydrogels

Hemostasis is the first phase of the natural process of wound healing
which occurs upon injury [14]. Besides promoting platelet aggregation
and thereby blood clot formation in the wound site, a suitable wound
dressing could also adhere onto the surrounding tissue and solidify to
serve as a bleeding-arrest quickly [84,85]. Hemostatic performance of
QCS/PF1.0 hydrogel was evaluated by a hemorrhaging liver mouse
model. In Fig. 6d, there was a significant difference of bleeding amount
between these two groups (P < 0.01), and nearly 616.7 ± 157.0 mg
blood was released from mouse' liver in the control group and only
80.1 ± 7.13mg in the QCS/PF hydrogel group, which demonstrated
the good in vivo hemostatic property of the hydrogels. QCS with positive
charges has been a well-known hemostatic material [58]. Moreover,
with the short gelation time (∼55 s), stable gelation network
(G′=∼33700 Pa) and high adhesive properties, QCS/PF1.0 hydrogels
could provide a synergistic effect on the hemostatic property.

Fig. 6. (a) In vitro release kinetics of curcumin from the hydrogels in PBS at pH values of 7.4, 6.8 and 6.0; (b) DPPH scavenging percentage by Cur-QCS/PF1.0
hydrogels with different concentrations; (c) Adhesive strength of different hydrogels; (d) Hemostatic performance of hydrogel QCS/PF1.0; (e) Photographs of
adhesive stress (weight = 100 g) of QCS/PF1.0 hydrogel on porcine skin. Scale bar: 1 cm; (f) Schematic diagram of model drug (curcumin) released from hydrogel
when it was applied on the joints. **P < 0.01.
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Furthermore, permeability is important for wound dressing and the
water vapor permeability of QCS/PF1.0 hydrogel was assessed by the
amount of water evaporated from a container sealed using the hydrogel
films. As shown in the Fig. S10, compared with Tegaderm™ film, the
QCS/PF1.0 hydrogel groups displayed a higher water vapor perme-
ability (P < 0.05), indicating the good permeability of the hydrogels.

3.10. In vivo wound healing

The wound healing effect of hydrogel wound dressing is further
evaluated in a full-thickness skin defect model. In Fig. 7a–c, the wound
contraction of Cur-QCS/PF1.0, QCS/PF1.0 and commercial films (con-
trol group) groups were displayed on 0th day, 5th day, 10th day and
15th day, respectively. On the 5th day, all the groups showed wound
area reduction to some extent, while Cur-QCS/PF1.0 hydrogel exhibited
the largest wound contraction area (72%, P < 0.05) which demon-
strated its comparatively higher promotion effect on wound healing. On
the 10th day, both two hydrogel groups exhibited better therapeutic
effect than control group. The wound contraction area of QCS/PF1.0
group exceeded nearly 9% (P < 0.05) than commercial films and Cur-
QCS/PF1.0 group was 13% higher (P < 0.05) than commercial films.
On 15th day, although all the groups exhibited extremely tiny wound
remaining area, Cur-QCS/PF1.0 hydrogel group still had about 5% lead
than commercial film dressing group in wound contraction. Therefore,
the results from QCS/PF1.0 hydrogels demonstrated their better wound
healing effect than control group by tracing the wound contraction
area, which was attributed to the combined effects of the inherent an-
tibacterial performance of QCS [86], hemostatic performance, chit-
osan's desirable function in promotion of wound healing [87], and
moist wound environment provided by hydrogel dressing [88]. When
the hydrogel dressing was encapsulated with bioactive drug (cur-
cumin), the Cur-QCS/PF1.0 showed the best therapeutic effect during
overall wound healing stages. This is because curcumin could expedite
the different wound healing stages (inflammation, proliferation, and
remodeling), as it can scavenge ROS effectively, increase the production
of anti-oxidant enzymes around wound environment during the in-
flammation phrase [18]. It also promotes fibroblast migration, the
formation of granulation tissue and collagen, and re-epithelialization in
the proliferation phrase. And curcumin also plays an important role on

remodeling phrase, where it improves wound contraction by increasing
the number of cytokines to enhance fibroblasts proliferation
[18,89,90]. Overall, the hydrogel QCS/PF1.0 exhibited slightly better
therapeutic effect on wound healing than commercial film dressing, and
Cur-QCS/PF1.0 hydrogels showed much better effect on the whole
process of wound healing.

3.11. Histological analysis

Wound healing is a specific biological process which is comprised of
following overlapping but well-defined phases: hemostasis, inflamma-
tion, migration, proliferation and remodeling [7]. Hematoxylin and
eosin stained sections (H&E staining) were employed to evaluate the
wound healing progress in different phases. As shown in Fig. 8a, all the
groups showed mild acute inflammatory responses on the fifth day, and
there were numbers of inflammatory cells and fibroblasts migrating to
the wound site. While, compared with commercial film (control) and
QCS/PF1.0 hydrogel group, Cur-QCS/PF1.0 hydrogels exhibited rela-
tively more fibroblast cells and less inflammatory cells around the
wound site, which is attributed to the well anti-inflammation and anti-
oxidant action of curcumin [14]. And this phenomenon corresponds to
the migration phase of healing process that Cur-QCS/PF1.0 hydrogels
promoted a quicker healing process among all the compared groups. On
the tenth day, all the hydrogel groups formed a layer of epithelium.
Compared with other groups, hydrogel Cur-QCS/PF1.0 group showed
higher regularity of both epithelium and connective tissue with more
fibroblasts. Furthermore, hydrogel groups (Cur-QCS/PF1.0, QCS.PF1.0)
exhibited more blood vessels and hair follicles than control group.
When it comes to the 15th day, besides the formation of basic structure
of epithelium and dermis in control group, a few blood vessels and hair
follicles were formed in the QCS/PF1.0 hydrogel group. Particularly,
the maximum amount mature blood vessels, hair follicles, thickened
epidermis and well-proliferated fibroblast demonstrated the best wound
healing effect of Cur-QCS/PF1.0 among the three groups.

Some growth factors and abundant fibroblasts consist of the gran-
ulation tissue together [91]. Hence, a thicker granulation tissue is an
important indicator to evaluate the wound healing process [54]. As
shown in Fig. 8b and c, after 15 days' application, the granulation tissue
in commercial film exhibited nearly 550 μm thinner than Cur-QCS/

Fig. 7. (a) Photographs of wounds at 0th, 5th, 10th and 15th day for commercial film dressing (Tegaderm™) (control), QCS/PF1.0 hydrogel and Cur-QCS/PF1.0
hydrogel; (b) Traces of wound-bed closure during 15 days for each treatment; (c) Wound contraction for each treatment. *P < 0.05.
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Fig. 8. (a) Histomorphological evaluation of wound regeneration for commercial film dressing (Tegaderm™), QCS/PF1.0 hydrogel and Cur-QCS/PF1.0 hydrogel on
5th, 10th, and 15th day (blood vessels: yellow arrows, hair follicles: green arrows, boundary of epithelium and dermis: blue lines, completed epithelium: yellow
hexagram). Scale bar: 100 μm. (b) Granulation tissue thickness for commercial film dressing (Tegaderm™), QCS/PF1.0 hydrogel and Cur-QCS/PF1.0 hydrogel on
15th day (granulation tissue: red arrows). Scale bar: 200 μm. (c) Statistical graph of granulation tissue thickness for different treatments on 15th day. (d) Collagen
amount in commercial film dressing (Tegaderm™), hydrogel QCS/PF1.0 and Cur-QCS/PF1.0 hydrogel by determining the hydroxyproline. *P < 0.05, **P < 0.01.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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PF1.0 hydrogel group (P < 0.01) and nearly 220 μm thinner than
QCS/PF1.0 hydrogel group (P < 0.05). Therefore, by promoting
thickness of granulation tissue, the QCS/PF1.0 hydrogel demonstrated
the better wound healing effect than control, and the curcumin loaded
group (Cur-QCS/PF1.0 hydrogel) demonstrated the extraordinary
therapeutic effect in these three groups.

In summary, the migration of inflammatory cells and high density of
fibroblast (5th day), the formation of complete structure of epithelium
(10th day), more numbers of mutual blood vessels and hair follicles,
high density of fibroblasts, and thicker thickness of granulation tissue
(15th day) suggested that Cur-QCS/PF1.0 group shows the prominent
wound healing effect, and hydrogel group (QCS/PF1.0) exhibited a
better treatment effect than control group.

3.12. Collagen deposition analysis of wound regeneration

Considering the migration of fibroblasts to the wound area, the total
collagen level in granulation tissue was tested to evaluate the ther-
apeutic effects among three treatments by analyzing the hydroxyproline
content. As shown in Fig. 8d, the content of collagen in all groups kept
rising during the first 10 days, and on the fifteenth day, they main-
tained at a stable level. Compared with control group, QCS/PF1.0 and
Cur-QCS/PF1.0 hydrogel groups exhibited superior collagen level
during the 15 days. Furthermore, when the QCS/PF1.0 hydrogel was
loaded with curcumin, the Cur-QCS/PF1.0 showed more prominent
collagen level than the other groups (P < 0.05) throughout the whole
test period. Hence, all the hydrogel groups showed better treatment
effect than commercial films, and the drug loaded hydrogel group (Cur-
QCS/PF1.0) demonstrated the best healing effect during the experi-
mental groups.

3.13. TNF-α and VEGF expression in wound regeneration with different
treatments

Infections could cause severe inflammatory response to postpone

the process of wound healing. As a kind of typical proinflammatory
factor, tumor necrosis factor-α (TNF-α), was chosen to evaluate the
efficacy of the hydrogel dressing in preventing infection [51]. In Fig. 9
(a) and (c), the expression of TNF-α in control commercial film group
was higher than the two hydrogel groups on the 15th day (*P < 0.05),
which suggested more severe inflammatory responses in control group.
This is because QCS is an efficient inherent antibacterial material to
reduce infection. Especially, Cur-QCS/PF1.0 exhibited the least ex-
pression of TNF-α (*P < 0.05), because curcumin could reduce pro-
duction of TNF-α [9a]. Vascular endothelial growth factor (VEGF)
regulates multiple pathways during wound healing including angio-
genesis, re-epithelization and collagen synthesis [1a]. During the re-
generation period, all the therapeutic groups expressed VEGF (Fig. 9 (b)
and (d)). While, there was higher expression level in the hydrogel
groups than control (*P < 0.05). By simultaneously reducing pro-
duction of proinflammatory factor (TNF-α) and upregulating the ex-
pression of VEGF, hydrogel groups promoted the wound healing pro-
cess effectively. Overall, these results suggested that QCS/PF1.0 and
Cur-QCS/PF1.0 hydrogels significantly accelerated wound closure and
a better treatment effect than control group.

4. Conclusions

A series of injectable hydrogel wound dressings with multi-functions
including inherent antibacterial property, self-healing, stretchable and
compressive property act as a novel joint skin wound healing dressing
were developed, and their excellent therapeutic effects on wound
healing were demonstrated by a full-thickness skin defect model in
terms of wound healing rate, granulation tissue thickness and collagen
disposition. The QCS/PF hydrogels were successfully synthesized based
on QCS and PF127-CHO polymer under physiological conditions. These
hydrogels exhibited stable rheological property, similar modulus to
human soft tissue, tunable gelation time, excellent adhesion property,
good pH-dependent degradation ability, biocompatibility, higher drug
released rate in acidic skin environment behavior, inherent

Fig. 9. Representative photographs of skin wound tissues on day 5, day 10 and day 15 after immunofluorescence labeling with (a) TNF-α (green) and (b) VEGF
(green). Scale bar: 60 μm. Quantified analysis of the relative percentage of area coverage by TNF-α-actinin (c) and VEGF (d), respectively. For all data, the control
group was set as 100%. *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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antibacterial property and free radical scavenging capacity which could
effectively enhance the wound healing process. Moreover, QCS/PF1.0
hydrogel showed good in vivo blood clotting capacity as hydrogel
wound dressing. Furthermore, the hydrogels showed faster wound
healing rate with balanced inflammatory infiltration, greater granula-
tion tissue thickness, higher density of fibroblasts and collagen de-
position in a full-thickness skin defect model than commercial dressing
(Tegaderm™). Especially, by upregulating wound healing process re-
lated factors (VEGF) and reducing production of proinflammatory
factor (TNF-α), curcumin incorporated QCS/PF1.0 hydrogel presented
the best wound healing effect among all groups. All these results de-
monstrated that QCS/PF1.0 hydrogel with multi-functions could greatly
promote the wound healing process, and their moderate stretchability,
compressibility, excellent self-healing ability and pH-responsive ability
is compelling as wound dressing material in joints skin wound healing.
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