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A B S T R A C T

Chronic wounds and the accompanying inflammation are ongoing challenges in clinical treatment. They are
usually accompanied by low pH and high oxidative stress environments, limiting cell growth and proliferation.
Ordinary medical gauze has limited therapeutic effects on chronic wounds, and there is active research to develop
new wound dressings. The chitosan hydrogel could be widely used in biomedical science with great biocom-
patibility, but the low mechanical properties limit its development. This work uses polyacrylamide to prepare
double-network (DN) hydrogels based on bioadhesive catechol-chitosan hydrogels. Cystamine and N, N0-Bis(a-
cryloyl)cystamine, which can be cross-linking agents with disulfide bonds to prepare redox-responsive DN
hydrogels and pH-responsive nanoparticles (NPs) prepared by acetalized cyclodextrin (ACD) are used to intelli-
gently release drugs against chronic inflammation microenvironments. The addition of catechol groups and ACD-
NPs loaded with the Resolvin E1 (RvE1), promotes cell adhesion and regulates the inflammatory response at the
wound site. The preparation of the DN hydrogel in this study can be used to treat and regulate the inflammatory
microenvironment of chronic wounds accurately. It provides new ideas for using inflammation resolving factor
loaded in DN hydrogel of good biocompatibility with enhanced mechanical properties to intelligent regulate the
wound inflammation and promote the wound repaired.
1. Introduction

Chronic wounds, such as pressure ulcers, diabetic feet, and venous
ulcers of the lower extremities are characterized by various chronic
diseases, which usually accompany by continuous chronic inflammatory
reactions, not only locate low pH and high oxidative stress environments,
but limite cell growth. So, the wound remains in a long-term inflam-
matory reaction stage and can not remodel or regenerate for tissue repair
[1]. Ordinary medical gauze as wound dressing cannot interrupt these
inflammatory processes to heal chronic wounds. Multifunctional wound
dressings, such as increased granulation tissue formation, vasculariza-
tion, antibacterial, anti-inflammatory, wound closure et al., are in the
focus of development for these cases [2]. Wound repair is facilitated and
accelerated in a moist environment [3], suggesting that hydrogels have
outstanding potential as wound dressings.
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Hydrogels can contain a large amount of water for a long time, some
of them also have good biocompatibility and plasticity, especially for
natural macromolecular hydrogels, providing them good prospects in
many fields of bioengineering, such as tissue engineering and drug car-
riers [4–6]. Chitosan (CS) is one of the most widely used materials for
making hydrogels, and has been considered for wound dressing appli-
cations, with its excellent biocompatibility, low toxicity and
immune-stimulatory activities [7,8]. Due to these properties, chitosan
shows good biocompatibility and positive effects on wound healing. It
can also accelerate repair of different tissues and facilitate contraction of
wounds [9]. However, CS hydrogels without cross-linking agent have a
dense scale-mesh like network which only allow for passive diffusion
nutrients and metabolic wastes being not suitable for biomedical appli-
cations [10]. Furthermore, it has a weak mechanical properties and un-
controlled dissolution [11,12]. The advent of double network hydrogels
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is a solution, as it enhances the mechanical properties of natural hydro-
gels while maintaining the biocompatibility [13,14].

Hydrogels wound dressings need to have various functions for
achieving better repaired. Catechol groups, discovered as adhesive
molecules of marine mussels [15,16], also can provide tissue adhesion
and healing properties to hydrogels [17–20]. Gan et al. prepared a
mussel-inspired hydrogel that promoted wound healing, and enhanced
the antibacterial property of the hydrogel to prevent wound infection
through the quaternization of the side chain [21]. Gan et al. also used
catechol groups to modify Ag-lignin NPs and used these NPs to enhance
the toughness and adhesion of the hydrogel through covalent and
non-covalent interactions in the hydrogel network formed by polyacrylic
acid and pectin [22]. In short, the use of catechol groups to modify
hydrogel wound dressings promotes the adhesion of the hydrogel to
tissues and cells that promotes wound healing.

Hydrogels can serve as drug delivery systems with therapeutic and
regulatory effects [23]. An intelligent release of the drug can increase its
bioavailability and improve the therapeutic effect in the lesion envi-
ronment [24–27]. Responsive groups such as disulfide bonds [28,29],
acetal groups [30,31], or others can provide responsiveness to Reactive
oxygen species (ROS), pH, or others. However, due to the highly hy-
drated nature of hydrogels, they are suitable for releasing hydrophilic
drugs. In contrast, hydrophobic drugs are difficult to disperse in the
hydrogel, limiting the development of hydrogel drug delivery systems in
such cases. Small drug molecules are released rapidly diffusion controlled
from the hydrogel structure, what makes controlled release difficult [25].
Growth factors, curcumin and other drugs have been suggested for the
release from hydrogels as wound dressings, which could
anti-inflammatory, cell growth regulation et al., with a synergistic effect
on the hydrogel to promote wound healing [32,33]. However, chronic
wounds remain in the inflammatory phase for a long time during the
recovery process, it require regulation of the inflammatory situation and
promotion of the repair-type inflammation, and the macrophages play a
key role to regulate it, especially the M2 phenotype release the
anti-inflammatory factors such as IL-4 and IL-10 [34,35]. The inflam-
matory influence the microenvironment to low pH and high ROS. There
are a few studies on wound dressings in anti-inflammatory/promoting
regeneration. Specialized pro-resolving lipid mediators (SPMs), such as
RvE1, Resolvin D1 (RvD1) et al., are endogenous polyunsaturated fatty
acid derivatives that influence macrophages and other cells for inflam-
mation regression and tissue repair [36]. SPMs influence the
Fig. 1. DN hydrogel responsively release
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transformation of the macrophage phenotypeare through leukotriene
ratio changed, are the most promising endogenous anti-inflammatory
drugs with high activity and low dose [37,38].

In this study, a ROS-responsive hydrogel is formed using catechol-
chitosan (C-CS) with Cys cross-linking, and the polyacrylamide (PAM)
was cross-linked by Bis(acryloyl)cystamine (BAC) and N, N' -Methylene-
bis-(acrylamide) (MBA), which were used to prepare a DN hydrogel
named C-CS/PAM-MBA, C-CS/PAM-BAC, C-CS-Cys/PAM-MBA, C-CS-
Cys/PAM-BAC, respectively. The β-cyclodextrin (β-CD) was acetalized
modified and formed NPs through self-assembly, which loaded the ACD-
NPs to respond to the low pH and high ROS caused by inflammation in
chronic wounds, respectively [39,40]. After loading RvE1 on ACD-NPs,
the drug-loaded particles were loaded into the double-network hydro-
gel to prepare a hydrogel drug-delivery system, and this hydrogel
drug-delivery system was used for the treatment of chronic wounds, as
shown in Fig. 1. This provided a new idea for the hydrogel wound
dressing to intelligently regulate the inflammation of hard-to-heal
wounds and promote wound healing.

2. Experimental section

2.1. Materials

Chitosan (CS, 100–200 mPa.s, more than 95% degree of deacetyla-
tion), 3,4-Dihydroxyhydrocinnamic acid (DHPA, 98%), 1,4-Dithiothrei-
tol (DTT, � 97%), N, N' -Methylene-bis-(acrylamide) (MBA, 99%),
Cystamine Dihydrochloride (Cys, > 97.0%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Phenyl (2,4,6-trimethylbenzoyl) phosphate lithium salt) (Photoinitiator
LAP, > 97.0%), 2-Methoxyproene (MP, 98.0%), Pyridinium p-toluene-
sulfonate (PTS, 98.0%), N-(3-Dimethylaminopropyl)-N0-ethyl-
carbodiimide hydrochloride (EDC, � 98%), β-Cyclodextrin (β-CD, �
97.0%), Dopamine Hydrochloride (DOPA) were purchased from Sigma-
Aldrich (U.S.A.). Acrylamide (AM), N, N0-Bis(acryloyl)cystamine (BAC,
98%), Triethylamine (99.0%) were purchased from Shanghai Macklin
Biochemical Co., Ltd (Shanghai, China). Dimethyl sulfoxide (DMSO,
99.7%) were purchased from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Resolvin E1 (RvE1, �95.0%) was purchased from
Cayman Chemical (U.S.A.). Trypsin (0.25%), Penicillin, Streptomycin,
DMEM (Dulbecco's Modified Eagle Medium) Basic medium, DMEM F12
medium, DMEM High Glucose medium, Bovine serum albumin (BSA),
d RvE1 to promote wound healing.



B. Lu et al. Materials Today Bio 16 (2022) 100392
etc., were all purchased from Wuhan Saiweier Biotechnology Co., Ltd
(Wuhan, China).

2.2. Preparation and characterization of the C-CS

The modification process of catechol-chitosan has been reported in
previous work [41]. Briefly, the CS was dissolved in ROwater (pH¼ 4-6),
and the DHPA was grafted to the CS by carbodiimide chemistry. After
dialyzing and freeze-drying, the C-CS was prepared successfully. The UV
spectrum was recorded with a TU-1901 spectrometer (Shenzhen Yixin
Instrument Equipment Co., Ltd). The Proton Nuclear Magnetic Reso-
nance Spectrum (1H NMR, 400 MHz) was tested with a Varianunity
Inova-400 Spectrometer (American Varian Company). By changing the
feed ratio of the catalyst EDC and the monomer DHPA in the chitosan
modification formula, a series of chitosan with different grafting rates
was obtained. The formula and grafting rates were shown in Table S2.

2.3. Preparation and characterization of the C-CS and the C-CS-Cys
hydrogels

C-CS was placed in Tris-base solution (pH ¼ 8.5) and completely
dissolved in an ice bath while stirring. Then Cys solution in Tris-base was
added slowly to the C-CS solution and the solution was kept stirring for
about 2 h to oxidize the catechol groups. The mixture solution was stirred
vigorously for 5 min at controlled temperature (37 �C) for gelation to
prepare the C-CS-Cys hydrogel. The C-CS hydrogel was prepared in the
same way without the addition of Cys. C-CS with different grafting ratios
were used to prepare modifications of the hydrogel. This work used
different feed ratios to gain the catechol-chitosan with different grafting
rates (as in Table S2). The different preparation conditions, explored for
the formation of the C-CS and C-CS-Cys hydrogels, are in Table S3.

After freeze-drying, the C-CS and C-CS-Cys hydrogels were charac-
terized by FT-IR and XPS using a Nicolet-5700 Fourier Infrared Spec-
trometer and a PHI-5400 Perkin Elmer X-ray photoelectron spectrometer,
respectively. C-CS-Tris sample was re-dried after dissolution in Tris-base
solution.

2.4. Preparation of the DN hydrogel

The 20% Acrylamide (AM), 0.2% photoinitiator Phenyl (2,4,6-tri-
methylbenzoyl) phosphate lithium salt (LAP) and crosslinking agent
(0.2%N, N0-Bis(acryloyl)cystamine (BAC) or 0.12%N, N' -Methylene-bis-
(acrylamide) (MBA) were well mixed in PBS. And then the C-CS hydrogel
and C-CS-Cys hydrogel were immersed into the mixed liquids, respec-
tively, until equilibration (enough time about 24 h). After UV irradiation
(1 min, 2 mW/cm2) to initiate free radical polymerization, the DN
hydrogel was prepared. The DN hydrogels were characterized by XPS to
analyze the form of sulfur.

2.5. Preparation of the ACD-NPs

Preparation of the ACD-NPs: the synthesis process of ACD was ac-
cording to Zhang's work [42]. In short, 2-methoxyproene (MP) was
grafted onto β-cyclodextrin (β-CD) with pyridinium p-toluenesulfonate
(PTS) as catalyst and triethylamine as terminator in anhydrous DMSO;
the chemical reaction equation is shown in Fig. S9. ACD was dissolved in
500 μL acetonitrile (10 mg/mL), which was dropped to 4 mL Reverses
Osmosis (RO) water at 1 droplet per minute to self-assemble NPs in 40
kHz ultrasound. After 5 min centrifugation at 12,000 r/min and washing
by RO water, the ACD-NPs were successfully prepared.

2.6. Preparation of the RvE1 loaded C-CS-Cys/PAM-BAC hydrogel

Ethanol was used to dissolved RvE1 to 5 μg/mL, and 0, 40, 80, 120 μL
of this stock solution were mixed with ACD dissolved in acetonitrile.
Then, the different loaded RvE1-ACD-NPs were self-assembled after
3

centrifugation and dispersion in RO water. The DN hydrogel was
immersed in RO water to remove the AM, and the 1 mg/mL RvE1-ACD-
NPs were completely absorbed by the dry DN hydrogel, which had pre-
pared DN hydrogel loaded the 40, 80, 120 ng/mL RvE1.

2.7. Test of swelling and mechanical properties

The tensile and compression properties of DN hydrogel were tested by
a universal testing machine (Instron 5575, USA). The samples for
compression testing were cylinders with 8 mm height and 10 mm
diameter. The samples for tensile testing were cuboids with 8 mm height
and 3 mm diameter.

The freeze-dried DN hydrogel was immersed in PBS, measuring the
weight and volume at 0, 0.5, 1, 3, 6, 12, 24, 36, 48, 72 h, and calculating
the volume swelling rate (λv) and weight swelling rate (λw) with equa-
tions 1, and 2, respectively. Wi was the weight of the samples after
swelling, while the W0 was the initial weight of the samples. Hi and Di
were the height and diameter of bottom surface after swelling, while the
H0 and D0 were the initial height and diameter of the bottom surface.

λðwÞ¼Wi

W0
(1)

λðνÞ ¼ π � ðDi
2 Þ2 � Hi

π � ðDo
2 Þ2 � Ho

(2)

2.8. Responsive of hydrogel and drug release

PBS (1 mL) with or without 5% H2O2 were added to the C-CS-Cys
hydrogel (Gelled by 1 mL RO water). The glass bottle with the hydrogel
were put in 37 �Cwith shaking every 4 h for improved contact with H2O2.
After 3 and 6 days, the C-CS-Cys hydrogel in PBS with H2O2 was grad-
ually became liquid.

The ACD-NPs-RvD1 loaded C-CS-Cys/PAM-BAC hydrogel was placed
into 1 mL of PBS at pH¼ 5.4 or pH¼ 7.4, another sample was placed into
1 mL of PBS at pH ¼ 5.4 with 2 mM H2O2, incubated at 37 �C, 100 μL of
release medium was withdrawn at 6, 12, 24, 72, 120 h, and the same
volume of corresponding fresh medium was replenished. The RvD1
release was quantitatively determined by ELISA (Cayman Chemical,
USA). RvD1 has similar characteristics as RvE1, when the trace amounts
of RvE1 have not had a great way to measure.

2.9. In vitro growth of cells on the RvE1 loaded C-CS-Cys/PAM-BAC
hydrogel

In vitro growth of cells on the RvE1 loaded C-CS-Cys/PAM-BAC
hydrogel: C-CS-Cys/PAM-BAC hydrogels loaded with different concen-
trations of RvE1 were spread in a 24-well plate. Macrophages (RAW
264.7), and L929 fibroblasts were cultured on the RvE1 loaded C-CS-Cys/
PAM-BAC hydrogel. The viability of the cells was tested by Cell-
Counting-Kit-8 (CCK-8) assay, and the proliferation was observed by
fluorescence microscopy after Acridine Orange (AO) staining. The
macrophage medium was used to test the inflammatory factors (TNF-α
and IL-10) with ELISA. The macrophage chemotaxis was tested with
transwell. Details were described in the Supporting Information.

2.10. The test of RvE1 loaded C-CS-Cys/PAM-BAC hydrogel for wound
dressing in vivo

All procedures were performed in accordance with the Animal Pro-
tection Agreement of the China Animal Protection Association and
Southwest Jiaotong University, and all ethical guidelines for experi-
mental animals were followed. SD rats (Female, 7 weeks, about 180 g)
were purchased by Ensiweier Chengdu Co, Ltd. After adapting to the
living environment, full-thickness skin wounds were created on the back
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of SD rats by hole punch (d ¼ 8 mm). C-CS-Cys/PAM-BAC hydrogels
loaded with different concentrations of RvE1 or PBS were put into the
wounds. The wound repair was observed through HE and Masson
staining until wound healing at 20 days. Every samples were repeated
and put into the wounds for 5 rats.
Table 1
Element content of C-CS and C-CS-Cys hydrogels.

Sample C (%) N (%) O (%) S (%)

C-CS 65.57 7.17 25.39 1.88
C-CS-Cys 65.03 6.36 26.49 2.13
2.11. Statistical analysis

All experiments were performed at least three times, and the results
are expressed as mean � standard deviation (SD). One-way analysis of
variance (ANOVA) was used to analyze the experimental results, and the
statistical difference between two groups was considered significant
when p < 0.05.

3. Results

3.1. The synthesis of C-CS and the preparation of C-CS and C-CS-Cys
hydrogels

The dopamine (DOPA) was grafted onto the CS with the formation of
amide bond. The C-CS was characterized by ultraviolet (UV), which
showed the characteristic peak of the catechol group at 280 nm, con-
finming DOPA, which was absent in CS as shown in Fig. 2(a). It can be
seen that the catechol-modified chitosan and dopamine had a strong
characteristic absorption peak at 280 nm, while native chitosan had no
absorption peak at 280 nm [43]. This indicates that DHPA was success-
fully grafted onto chitosan. The C-CS was also analyzed by 1H NMR
(Fig. 2(b)). The peak at 4.79 ppm was characteristic for the solvent heavy
water (D2O), the peak at 3.1 ppm belonged to C-2 of the chitosan sugar
ring, the peak at about 2.1 ppm belonged to the acetylated methyl group
(-O
–

–CH3), and the peak between 6.60 and 6.88 ppm belonged to the
characteristic peak of the hydrogen proton on the benzene ring. Zhang
et al. [44] carried out a similar characteristic peak analysis, and it was
shown that the unmodified chitosan had no characteristic peak at
6.60–6.88 ppm. From the ratio of the peak area integration of a single
hydrogen proton on the benzene ring to the peak area integration of the
Fig. 2. (a) UV absorption spectra of CS, C-CS, and DOPA. (b) 1H NMR spectrum of
absorption spectrum of C-CS, C-CS-tris, C-CS hydrogel, and C-CS-Cys hydrogel. XPS hi
C spectrum (h) N spectrum of C-CS-Cys hydrogel.
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only hydrogen proton on C-2 in the chitosan backbone, the ratio of the
number of moles of hydrogen atoms between the two can be obtained,
which was the grafting rate of C-CS. The grafting rate of C-CS this way
was determined as 12.3 � 0.5%, and the deacetylation rate was about
96% (> 95%). The grafting rates of C-CS with different feeding ratios
were calculated as showed in Table S2. Cys added to the C-CS solution as
a cross-linking agent accelerated the formation of the hydrogel
(Fig. 2(c)).

The C-CS-Cys hydrogel did gelate at only 1 day, whereas the C-CS
hydrogel needed approximately 5–7 days for gelation. The C-CS hydrogel
expressed a pink color (Fig. 2(c)). The gelation times of using different
gelling processes was shown in Table S3 and Fig. S1, the Fig. S1 (a-d, f)
were not being hydrogel, but the hydrogel in Group g was most uniform.
The C-CS-Cys hydrogel formed at 37 �C with 1% catechol-chitosan at the
grafting rate of 12.3 � 0.5% and Cys concentration of 8% had the best
gelation, as shown in Fig. S1(g). A C-CS hydrogel formed in same con-
dition without Cys served as control group (Fig. S1(l)).

3.2. Structure and performance characterization of the C-CS and C-CS-Cys
hydrogels

The C-CS and C-CS-Cys hydrogels were analyzed by FT-IR (Fig. 2(d))
and XPS (Table 1) and (Fig. 2(e–h)) to test the structure composition and
cross-linking mode. The FT-IR showed a peak at about 3419 cm�1,
characteristic for the stretching vibration peak of –OH, and the strong
peak at 1625 cm�1, indicating the stretching vibration peak of C

–

–O. The
stretching vibration peak of aromatic C––C appeared at about 1550 cm�1,
and the peak at 1075 cm�1 was the typical stretching vibration peak of
C–O in CS [41]. The spectra of C-CS, C-CS-Tris (C-CS dissolved in
C-CS in D2O. (c) Gelation of C-CS and C-CS-Cys hydrogel at 1 day. (d) Infrared
gh resolution (e) C spectrum (g) N spectrum of C-CS, and XPS high resolution (f)
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Tris-base suffer solution and freeze-drying), and C-CS hydrogel were
basically the same, indicating that C-CS hydrogel were only physically
and not chemically cross-linked. In the C-CS-Cys hydrogel peaks of figure
2(d), a vibration peak of –SH was found at about 2500 cm�1, which
preliminarily proved the formation of a cross-linked network of Cys, but
during the gelation process, the unstable disulfide bonds were partially
reduced to –SH.

The element content of the C-CS and C-CS-Cys hydrogels was deter-
mined by XPS. Sulfur of C-CS hydrogel was 1.88%, and increased to
2.13% for the C-CS-Cys hydrogel. The two hydrogels' high-resolution
spectra of C and N elements showed split peaks. The peak of the high-
resolution C spectrum at about 288.0 eV showed oxidation of the cate-
chol group to benzoquinone in the weakly alkaline tris-base solution
during the gelation process. The new peak of the high-resolution N
spectrum at about 401.1 eV was due to the formation of C–NH3

þ, which
indicated that the Michael addition reaction had undergone between
amino group of Cys and the catechol group, so that Cys was integrated in
the network structure of the hydrogel as a crosslinking agent, and ac-
celerates the cross-linking time of the C-CS-Cys hydrogel.
3.3. Swelling performance of the DN hydrogels

The volume and mass swelling curves of the freeze-dried DN hydrogel
in PBS were shown in Fig. 3(a) and (b). And the changed condition of the
Fig. 3. (a) Volume swelling curve and (b) mass swelling curve of double network hy
curve, and (e) tensile modulus of DN hydrogel. (f) Compressive stress-strain curve, an
< 0.001).
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DN hydrogels before and after swelling as shown in Fig. 3(c), the DN
hydrogels had obviously changed in topography. In the first 12 h, the
swelling speed of the DN hydrogels was fast, and the swelling reached an
equilibrium after 36 h. The pure C-CS and C-CS-Cys hydrogels, swelled
only in the first 0.5 h and then reached the equilibrium. Compared with
the chitosan single-network hydrogel prepared, the volume swelling rate
of the DN hydrogels increased from 4.06 (C-CS) and 8.18 (C-CS-Cys) to
23.38–32.40, and the mass swelling rate increased from 4.07 (C-CS) and
1.96 (C-CS-Cys) to 9.29–12.48.

The DN hydrogels obviously had better swelling properties, allowing
them to absorb more liquid. One reason might be the better swelling
properties of PAM used as the second hydrogel network, which caused by
high hydrophilicity of PAM compared with CS.
3.4. Mechanical properties of the DN hydrogels

The purpose of preparing DN hydrogels was to enhance the me-
chanical properties of the chitosan hydrogel, as shown in Fig. 3. The
tensile strengths of the C-CS and C-CS-Cys hydrogels were 0.006–0.007
MPa, while the tensile strengths of the DN hydrogels were all above
0.030 MPa. And the tensile strength of C-CS-Cys/PAM-BAC hydrogel was
the highest, reaching 0.126 MPa, which preliminarily showed that the
double network improved the tensile strength of the hydrogel. At the
same time, the C-CS-Cys/PAM-BAC hydrogel can reach 3 times the length
drogels. (c) Photo of hydrogel before and after swelling. (d) Tensile stress-strain
d (g) compressive modulus of DN hydrogel. (n ¼ 3, *p < 0.05, **p < 0.01, ***p
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of the original level during the stretching process, which indicated that
the ductility of DN hydrogels also greatly improved. The tensile modulus
of C-CS hydrogel was higher than that of C-CS-Cys hydrogel because the
addition of cystamine caused more rapid formation of the hydrogel, but
also more defects. The tensile modulus of C-CS/PAM-MBA was the
highest, reaching 28.2 kPa, which indicated that the DN hydrogels pre-
pared by this way had the best stability. The tensile modulus of C-CS/
PAM-BAC and C-CS-Cys/PAM-MBA hydrogels were significantly lower,
which may be related to the addition of disulfide bonds, and the chain
length of BAC was longer than MBA so that the degree of cross-linking
was decreased. The tensile modulus of the C-CS-Cys/PAM-BAC hydro-
gel prepared after adding disulfide bonds in both two networks had
increased on the contrary, which may be related to the dynamic inter-
action between the disulfide bonds in the two hydrogel networks [45,46].

As shown in Fig. 3 (f), the compressive strength of the four DN
hydrogels were significantly higher compared to the single-network
hydrogels, with the highest values for the C-CS-Cys/PAM-BAC hydro-
gel. Fig. 3 (g) showed the compressive modulus. The compressive
modulus of the DN hydrogels was also significantly higher than that of
the single-network hydrogel, from below 5 kPa to a maximum of about
27 kPa. The reason was similar to that of the change in tensile properties.
Fig. 4. (a–f) SEM images of the different hydrogel samples. (g–l) XPS high resolution
of EC adhesion on the hydrogel. (o) Box plot of EC adhesion on the hydrogel. (n ¼

6

3.5. The properties of the DN hydrogels

The hydrogels were observed by SEM at 100 � magnification, as
shown in Fig. 4(a–f). The pore size in the C-CS hydrogel was about
100–200 μm, while the surface of the C-CS-Cys hydrogel did not have an
obvious network structure. The DN hydrogels all had pores with sizes in
the range of 10–20 μm, which were significantly smaller than C-CS and C-
CS-Cys hydrogels.

The S content in the hydrogel was determined by XPS, the high-
resolution spectra of S were shown in Fig. 4(g–l). The peak at 168.68
eV represented the group of RSS(O)R, and the peak at 163.98 eV indi-
cated the appearance of RSSR and RSH. The peaks of RSSR and RSH in
the C-CS-Cys hydrogels were significantly increased, comparedwith C-CS
hydrogel, which had no peak in the high-resolution spectrum of S.

According to the analysis of the peak areas, there were almost no
disulfide bond peaks in the C-CS/PAM-MBA hydrogel, whereas 20.0%
RSSR and RSH groups appeared in the C-CS/PAM-BAC hydrogel due to
the disulfide bond in the cross-linking agent N, N0-Bis(acryloyl)cystamine
(BAC) used in the second layer polyacrylamide hydrogel network. In the
C-CS-Cys/PAM-MBA hydrogel, the area of the peak of the RSSR and RSH
groups was 11.7%, which was caused by the disulfide bonds formed by
S spectra of different hydrogel samples. (m–n) DAPI staining of fluorescent image
9, Pic ¼ 36, *p < 0.05).
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the crosslinking agent Cys in the C-CS-Cys hydrogel. In the C-CS-Cys/
PAM-BAC hydrogel, the peak area of RSSR and RSH groups was 39.3%,
due to the dynamic reaction of the disulfide bonds increased the stability
between BAC and Cys, and the more additional disulfide bonds in the C-
CS-Cys/PAM-BAC hydrogel. Therefore, there were many and stable di-
sulfide bonds in the C-CS-Cys/PAM-BAC hydrogel system.

The Fig. 4 (m,n) showed the adhesion of Endothelial cell (EC) on the
hydrogel after 12 h, after staining with 40,6-diamidino-2-phenylindole
(DAPI). The numerical evaluation was shown in Fig. 4 (o), the ECs tended
to stick on the C-CS/PAM-MBA hydrogel compared with CS/PAM-MBA,
which indicated that the catechol group in hydrogel promoted the
adhesion of cells. The abnormal points in Fig. 4 (o) might be caused by
the uneven surface of hydrogel after swelling in cell culture medium.

3.6. Characterization of the ACD-NPs

In order to control the drug release behavior of DN hydrogels, ACD-
NPs were designed to load drugs and added to the DN hydrogel. The
chemical reaction equation of acetalized modified cyclodextrin was
shown in Fig. S2, and the results of FT-IR and 1H NMR of the ACD were
shown in Figs. S3 and S4. The FT-IR showed a blue shift of the –OH
stretching vibration peak (3390→ 3469 cm�1) Because the methoxy was
the electricity-absorbing group, and the hydroxyl absorption peak was
significantly reduced after grafting the acetal group. The peaks at 2993,
2940, and 2834 cm�1 were the stretching vibration peaks of the C–H of
the methoxy group on the linear acetal, and the absorption peak at 1457
and 1375 cm�1, and at 1216, 1157, 875, and 848 cm�1 were obvious
deformation vibrations of C–H absorption and skeleton C–C vibration
absorption peaks of the acetal group C(CH3)2, respectively.

The 1H NMR showed the peak at 2.5 ppm corresponding to DMSO-d6,
and the peak at 3.3 ppm corresponding to DOH. The H peak of C-1 was at
4.83 ppm, and the H of the three –OH groups were at 4.48, 5.71, 5.75
ppm, as shown in Fig. S4 (a). The new peaks at 1.3–1.5 ppm were caused
by the β-CD modifying with (CH3)2C––, and the peaks at 3.05–3.08 ppm
were formed by CH3 at the acetal, as shown in Fig. S4 (b). The degree of
acetalization of the cyclodextrin was 77.6%, calculated from the peak
area. The results of FT-IR and 1H NMR showed that the ACD was
Fig. 5. C-CS-Cys hydrogels immersed in PBS or PBS with 5% H2O2 at (a) the first tim
hydrogel. (e) SEM image of C-CS-Cys/PAM-BAC hydrogel without drug; and (f) SEM
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successfully modified [42,47].
After self-assembly of the ACD-NPs, they had sizes of 70 nm and 300

nm, as observed by TEM (Fig. S5), whichmight be caused by linear versus
cyclic acetalization to β-CD. Tested by dynamic light scattering, the
particle size of the ACD-NPs was 607.1 � 8.2 nm but increased to 681.4
� 11.2 nm after 6 h of incubation in PBS with pH ¼ 5.4. After loading
with 0.2 μg/mL of RvE1 with pH¼ 7.4, the particle size increased to 652.
2� 6.1 nm, and after incubation in PBSwith pH¼ 5.4 for 6 h, the particle
size of the RvE1 loaded NPs (ACD-NPs-RvE1) increased to 891.1 � 15.6
nm (Table S4 and Fig. S6). This demonstrated that the inflammatory
regulatory factor RvE1 was successfully loaded into ACD-NPs, and ACD-
NPs had pH responsiveness.

3.7. ROS response of C-CS-Cys hydrogels and drug release of C-CS-Cys/
PAM-BAC hydrogels

The C-CS-Cys hydrogels were immersed into PBS with or without 5%
H2O2, as shown in Fig. 5 (a). The hydrogel structure added with 5%H2O2

solution was almost completely destroyed after 6 days when the hydrogel
without 5% H2O2 was still solid (Fig. 5 (c)). Which shows that the C-CS-
Cys hydrogel had a redox response, breaking the disulfide bonds in the
hydrogel in ROS environment produced by H2O2. In this way, the
crosslinking of the hydrogel was disconnected, and the hydrogel was
disintegrated. Accordingly, it can be concluded that the C-CS-Cys
hydrogel prepared in this paper had redox responsitivity.

Some of the nanoparticles prepared in this experiment were larger, so
that they can be observed in the hydrogel pores by SEM, as Fig. 5(e–f). It
showed that the surface of the drug-loaded C-CS-Cys/PAM-BAC hydrogel
had many protrusions, whose roughness was significantly higher than
that of the corresponding hydrogel without drugs, which proved that the
ACD-NPs-RvE1 was successfully loaded in the C-CS-Cys/PAM-BAC
hydrogel. The Energy Dispersive Spectrometer (EDS) was used to analyze
the element composition of the protrusion (Point A on Fig. 5(e)) and the
smooth surface (Point B on Fig. 5(f)), and the results were shown in
Table 2. The content of nitrogen at point A was 0, because ACD-NPs-RvE1
did not contain nitrogen, but the C-CS-Cys/PAM-BAC hydrogel repre-
sented by point B contained 1.9% nitrogen, which proved that the ACD-
e, (b) 3 days, (c) 6 days. (d) Release curve of RvD1 loaded C-CS-Cys/PAM-BAC
image of RvE1 loaded C-CS-Cys/PAM-BAC hydrogel.



Table 2
EDS element analysis on the surface of drug-loaded C-CS-Cys/PAM-BAC
hydrogel.

Sample C (%) N (%) O (%)

A 81.2 0 18.8
B 85.4 1.9 12.7
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NPs-RvE1 were successfully loaded into C-CS-Cys/PAM- BAC hydrogel.
Fig. 5 (d) showed the release behavior of the ACD-NPs-RvD1 loaded

C-CS-Cys/PAM-BAC hydrogel under various conditions. In the first 6 h,
the RvD1 had a burst release from the C-CS-Cys/PAM-BAC hydrogel. The
hydrogels were immersed in pH ¼ 5.4 and in pH ¼ 5.4 with 2 mM H2O2,
and the drugs were still quickly released until 1 day. The hydrogel in pH
¼ 5.4 with 2 mM H2O2 had the highest RvD1 release at the end of day 1.
This confirmed that the ACD-NPs-RvD1 loaded C-CS-Cys/PAM-BAC
hydrogel had an intelligent release characteristic of drugs, according to
the changed of pH and ROS concentration. However, the release of RvD1
decreased after 1 days, which might cause by drugs exhaustion.
3.8. Cell growth on the ACD-NPs-RvE1 loaded C-CS-Cys/PAM-BAC
hydrogels

The ACD-NPs-RvE1 loading to the C-CS-Cys/PAM-BAC hydrogels
affected the proliferation of macrophages, as shown in Fig. 6(a–b). The
proliferation of macrophages on the surface of blank hydrogels or
hydrogels loaded with drug at various concentrations was low at 1 day,
and the macrophages on each hydrogel proliferated significantly at 3
days with signs of aggregation on the samples. At day 5, compared with
the blank hydrogel, the macrophage proliferation of the drug-loaded
group was inhibited. This may be attributed to the anti-inflammatory
effect of the slowly released drug.

The release of inflammatory factors TNF-α and IL-10 in macrophages
cultured with different samples was shown in Fig. 6(c–d). At 1 day,
macrophages cultured with hydrogels containing high concentrations of
RvE1 released significantly more tumor necrosis factor-α (TNF-α) than
other groups, when macrophages cultured with the inflammation regu-
lator RvE1 released less interleukin 10 (IL-10) than those without drugs.
On day 3, macrophages cultured with samples containing high RvE1
concentrations began to release more IL-10 than the blank hydrogel
group. On day 5, the release of IL-10 in the three groups containing RvE1
for culturing macrophages exceeded the other two groups. This result
indicated that RvE1 regulated the differentiation of macrophage
phenotype to M2 and promoted the secretion of anti-inflammatory fac-
tors, thereby playing anti-inflammatory effects [48,49].

Fig. 6 (e) showed the macrophages chemotaxis on the different
samples. Macrophages can pass through the transwell under the influ-
ence of the sample. The result indicated that the ACD-NPs loaded C-CS-
Cys/PAM-BAC hydrogels promoted chemotactic migration of macro-
phages. Hydrogel loaded 40 ng/mL RvE1 also promoted macrophage
chemotaxis, but the chemotaxis decreased with increasing RvE1.

The results ACD-NPs-RvE1 loaded C-CS-Cys/PAM-BAC hydrogels
affected the proliferation ability of L929 as shown in Fig. S7. At 1 day, it
was weak that the proliferation ability of L929 cells on the surface of each
group, and there was no significant change. And at 5 days, L929 cells on
the surface of the drug-loaded and the ACD-NPs group was observed
obvious proliferation, especially the C-CS-Cys/PAM-BAC hydrogel with
80 ng/mL RvE1 added. The reason of this result may be the effect of drug
release.

In vitro biocompatibility test of the RvE1 loaded DN hydrogel showed
good growth of both L929 cells and macrophages on the hydrogel. The
proliferation of the two cell types was poor at 1 day, but the proliferation
improved at 3–5 days.
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3.9. ACD-NPs-RvE1 loaded DN hydrogel as wound dressing on the back of
SD rats

A schematic diagram of the hydrogels placed on the back of rats to
promote wound healing was shown in Fig. 7 (a). The closure of the skin
wounds of SD rats indicated that C-CS-Cys/PAM-BAC hydrogel promoted
the healing of the wounds. After adding ACD-NPs-RvE1, the wound
healing was obviously promoted (Fig. 7 (b)). At 20 days, the wound was
almost completely disappeared and covered by new hair. The 20-day
hematoxylin-eosin staining (HE staining) of the wound (Fig. 7 (c))
clearly shows the healing condition. The PBS group had larger immature
tissue with a diameter of about 6000 μm, and the blank hydrogel group
and the ACD-NPs group were slightly smaller than the PBS group with a
diameter of about 4000 μm. In the group with RvE1, the area of mature
tissue was significantly increased, and the wound diameter was
2000–2500 μm. This further proved that both RvE1 and the hydrogel
promoted wound healing.

The collagen content was another indicator of successful wound
healing. Fig. 7 (d) showed the Masson stain images of the wound at 20
days. The collagen in the tissue in the picture appears blue. It can be seen
that the blue of the healed tissue was more intense, and the blue of the
non-healed wound was lighter. These results indicated that the ACD-NPs-
RvE1 loaded C-CS-Cys/PAM-BAC hydrogels had the best healing effect
on wounds.

The number of new blood vessels on the back of SD rats was shown in
Fig. 7 (e). The number of new blood vessels formation indicated the
degree of wound repair. Combined with the Fig. 7 (c), the 120 ng/mL
RvE1 loaded hydrogel induced the highest number of new blood vessels
compared with other groups, which proved the RvE1 loaded wounds
dressing promoted microangiogenesis and provided more nutrients to
facilitate wound repair.

4. Discussion

In this work, we reported a double network (DN) hydrogels wound
dressing, which had an enhanced mechanical properties and good
biocompatibility. Also, we loaded the RvE1 in the DN hydrogels with
ACD-NPs. In this way, the DN hydrogels wound dressing intelligent
released the RvE1. The RvE1 could regulate the differentiation of mac-
rophages to M2 phenotype, and released the IL-10 to promote tissue
regeneration, in low pH and high ROS environment.

The DN hydrogels, obtained by incorporating polyacrylamide (PAM)
into catechol chitosan (C-CS) hydrogels, significantly increased the me-
chanical properties of the hydrogels. That result was the same as the DN
hydrogel prepared by interpenetration of a flexible and rigid network
[14,50,51]. Natural macromolecular chitosan as the basic hydrogel
successfully enhanced the mechanical properties for general re-
quirements as wound dressing; it did hardly tear or drop off at daily
activities [52,53]. In this work, the stronger mechanical properties of DN
hydrogel might caused by the addition of PAM, or the more intermo-
lecular forces between the two hydrogel networks, which non-covalent
force dissipated energy during the deformation of the hydrogel [54].
For the cross-linking method of hydrogel, the results of XPS was proved
that Cys was used as the cross-linking agent of C-CS, through Michael
addition or Schiff base reaction between amino group and catechol
quinone and accelerate the gelation speed of the hydrogel.

The disulfide bonds of Cys in the hydrogel network made the
hydrogel ROS responsive [55–57]. For the two crosslinking agents (BAC
and MBA) in the PAM network, the BAC containing disulfide bonds can
also add more disulfide bonds in the DN hydrogel. Moreover, the disul-
fide bonds in BAC and Cys can have a dynamic exchange reaction, which
enhanced the interaction between the two hydrogel networks. In addi-
tion, compared with the C-CS hydrogel, the swelling degree of the DN



Fig. 6. (a) Fluorescence images of Acridine Orange (AO) stained macrophages on the surface of different hydrogel samples after 1, 3, 5 days. (b) CCK-8 analysis of the
viability of macrophages on the surface of the different hydrogel samples at 1, 3, 5 days. (c) Release of TNF-α and (d) IL-10 from macrophages on different samples. (e)
Macrophages chemotaxis behavior tested by transwell on different samples. (n ¼ 3, *p < 0.05, **p < 0.01, ***p < 0.001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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hydrogel prepared in this study greatly increased and the gels required
more time to reach the swelling equilibrium. This was attributed to the
hydrophilic property of PAM in the hydrogel system, and the
cross-linking degree of the DN hydrogel with different crosslinking
agents also influenced the swelling performance. Han et al. also used
dopamine-composite chitosan and PAM to prepare hydrogels, which
reached swelling equilibrium at 5 h, with mass swelling rates of 15.8
[58]. From another point of view, this also showed that the hydrogel
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formed by C-CS also enhanced the swelling performance of the DN
hydrogel, which can make the DN hydrogel used as a wound dressing to
absorb the exudate from the wound site [59].

The link of catechol groups into the hydrogels was an important way
to enhance the wound healing capacity of the hydrogel wound dressings.
The catechol groups enhanced the tissue and cell adhesion of the
hydrogels, promoting wound healing [60,61]. Lu et al. used a catechol
group to modify a hydrogel wound dressing, similar to the DN hydrogel



Fig. 7. (a) Schematic diagram of hydrogel wound dressing used for acute dermal wounds in the back of SD rats. (b) Photographs of DN hydrogel wound dressings
promoting back wound healing in SD rats at 0, 5, 10, 15, and 20 days. (c) HE stain of wounds healed at 20 days. (d) Masson staining of wounds healed at 20 days. (e)
The number of new blood vessels in the back of SD rats at 20 days. (n ¼ 5, Pic ¼ 6, *p < 0.05).
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of this study. This modification induced a significant promotion on the
repair of rat back wounds [21], which was explained as the catechol
group not only promotes cell adhesion and gathers in wounds, which
could promote the revascularization, but also has a strong interaction
with tissues [62].

The wound site was usually accompanied by inflammatory reactions,
especially hard-to-heal wounds. The long-term chronic inflammation
hindered the development of the wound to the proliferative phase and
affects the repair processes of the wound.

Localized inflammation was usually characterized by the presence of
many white blood cells, such as neutrophils and macrophages [63].
Macrophages were the one of main cells of inflammation, and can have
different shapes and functions under various conditions. Before differ-
entiation, macrophages usually existed in the form M0. M1 macrophages
were generally activated through interferon-γ (IFN-γ) or lipopolysac-
charide (LPS); they mainly secreted pro-inflammatory factors in the in-
flammatory reaction, such as TNF-α, IL-1. M2 macrophages were
activated by Th-2 cytokines and can be differentiated from M0 macro-
phages or M1 macrophages. Their primary function was the expression of
anti-inflammatory factors, such as IL-10 and IL-4, which promoted tissue
repair [64]. Vasconcelos et al. incorporated RvD1 (Derivatives of RvE1)
into a 3D chitosan scaffold and found that it reduced the recruitment of
inflammatory cells and promoted the conversion of macrophages to the
M2 phenotype [65]. In the hydrogel prepared in this study, the inflam-
mation regulator factor RvE1 inhibited the proliferation of macrophages
and inhibited the release of TNF-α, due to the phenotypic differentiation
of macrophages, thereby suppressing inflammation and promoting
neovascularization.

5. Conclusion

In this study, we designed a double-response drug delivery system,
which can release the RvE1, one of the SPMs. This drug-carrying system
used natural macromolecular CS with good biocompatibility as the first
hydrogel network, and used PAM and cross-linking methods with or
without disulfide bonds to make DN hydrogel, ACD was loaded to pre-
pare responsive NPs, which can intelligently release drugs in the low pH
and high ROS environment of inflammation. In addition, the swelling
and mechanical properties of the DN hydrogel were significantly
enhanced, compared with C-CS or C-CS-Cys hydrogels. The presence of
catechol groups can be beneficial to cell adhesion which was conducive
to cell proliferation. RvE1 can regulate wound inflammation and pro-
mote the expression of IL-10, which was beneficial to wound repair and
healing. The design of this drug-carrying system has the advantages of
potentially improving the difficult-to-control release of hydrogel drug
release systems and the difficulty of loading hydrophobic drugs, and also
provides a potential method for inflammation regulation in promoting
wound healing, especially the healing of chronic wounds.
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